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INTRODUCTION 
The treatment of water and wastewater may involve numerous 
chemical and physical unit processes~ Each unit process is selected 
on the basis of its ability to accomplish specified treatment 
objectives. Ozone treatment is one such chemical ·unit process 
alternative. 
Ozonation is commonly practiced abroad. Presently, nearly one 
thousand water treatment facilities in Western Europe use ozone for 
various applications (1-34). Ozone treatment of water is not common 
1 
in the United States with just five installations as of 1979 (1-22). 
However, rising costs of chemicals, recent advances in ozone technology, 
and new treatment regulations and discharge requirements have enhanced 
the use of ozone as a water and wastewater treatment alternative. 
The theory of the reactions of ozone for treatment of water and 
wastewater is well recorded. However, due to the site-specific 
nature of the ozonation process, it is difficult to predict the 
practical or economic feasibility of ozone treatment without supporting 
data. These data may be best obtained by conducting ozonation 
experiments at the prospective site on a pilot-plant scale. 
The objectives of this research were: 
(1) To design, specify, and direct the construction of a 
portable ozonation pilot plant suitable for water and wastewat er 
treatment feasibility studies. 
(2) To evaluate the performance of the ozonation pilot plant 
under field conditions. 
The contents of this paper include a review of the factors 
related to the design and construction of a pilot plant ozonation 
system. The components of the pilot plant are also described. 
Finally, the results of a performance evaluation of the pilot plant 
are discussed. 
2 
LITERATURE REVIEW 
Background 
Ozone 
Ozone gas is very unstable and will react quickly with readily-
oxidizable substances. In aqueous solutions, ozone has a half-life 
of 20 to 30 minutes while in air the half-life may be on the order 
of twelve hours. The spontaneous decomposition of ozone requires 
that it be generated at the site of ~se (2). 
Ozone is a powerful oxidant; having an oxidation potential of 
2.07 volts. Because of its higher reactivity, ozone usually requires 
less reaction time than other chemicals in a given application. To 
date, ozone is one of the most powerful oxidants used in water and 
wastewater treatment. 
Water Treatment 
3 
In the past, the major use of ozone in water treatment was for 
viral inactivation and bacterial disinfection. Recently, an increasing 
number of applications utilize the oxidizing ability of ozone. 
Several applications of ozone for water treatment are listed i n 
Table 1: 
There have been relatively few ozonation systems treating water 
in the United States for several reasons. Traditionally, the high 
capital and operating costs of ozone generation systems has been a 
restraining factor. Ozone also leaves no residual for protection of 
the water in the distribution system. If ozone is used for terminal 
disinfection, a small addition of chlorine is needed to provide the 
· TABLE 1 Applications of Ozone in Drinking Water Treatment (3-418) 
Bacterial disinfection 
Viral inactivation 
Oxidation of soluble iron and/or manganese 
Decomplexing organically-bound manganese (oxidation) 
Color removal (oxidation) 
Taste and odor removal (oxidation) 
Algae removal (oxidation) 
Oxidation of organics 
- Phenols -Trihalomethane precursors 
- Detergents -Pesticides 
Microflocculation of dissolved organics (oxidation) 
Oxidation of inorganics 
-Cyanides -Sulfides 
Turbidity or suspended solids removal (oxidation) 
Pretreatment for biological processes (oxidation) 
-On sand~ anthracite, or activated carbon 
-Nitrates 
4 
needed residual. Additional advantages and disadvantages of ozone 
.are presented in Table 2. 
However, the multiple use of ozone enchances the economic 
feasibility of ozone for water treatment. For example, _ozone applied 
for taste and odor removal near the end of the treatment process may 
also achieve significant disinfection and reduction of chlorine 
demand. Ozone-rich off-gas from the contacting process can be 
recycled to the head of the treatment process and applied for iron 
and manganese removal, thereby utiliiing nearly all of the ozone 
produced. Thus, ozonation becomes practical when its multi-purpose 
treatment ability is utilized (1-24). 
Wastewater Treatment 
While water treatment with ozone is widely practiced in Europe, 
the ozonation of wastewater has been pioneered in the United States. 
By 1979, six municipalities in the United States used ozone for 
wastewater disinfection. 
construction phase (4). 
Numerous systems were in the design or 
The most common wastewater application of 
ozone is for disinfection of treated effluent. Several alternative 
applications of ozone in wastewater treatment are given in Table 3. 
The increasing use of ozone for wastewater disinfection may be 
attributed to several factors. In contrast to chlorine, ozone does 
not react with ammonia below pH 9. Chlorine reacts with ammonia to 
form chloramines and other chlorinated compounds which may be toxic 
to the aquatic environment of the receiving stream (5,6). Ozonation 
also adds dissolved oxygen to the effluent which helps improve the 
5 
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TABLE 2 Major Advantages and Disadvantages of Ozone 
ADVANTAGES 
Powerful oxidant 
Powerful virucide and disinfectant 
over wide pH range 
Easily automated but can be control-
led manually 
Generated onsite as needed 
Does not produce halogenated 
organics 
Adds dissolved oxygen to water 
Does not react with ammonia below 
pH 9 
Does not increase total dissolved 
solids 
DISADVANTAGES 
Non-selective oxidant 
Leaves no residual for 
protection of network 
Gas/liquid contacting is not a 
general practice at water 
treatment facilities 
Capital costs for generation 
equipment are high 
Does not oxidize highly 
halogenated organics 
TABLE 3 Uses of Ozone in Wastewater Treatment (2) 
Disinfection of treatment plant effl.uents 
Tertiary treatment 
-Reduction of COD and removal of BOD 
-Disinfection 
-Increased DO 
-Reduction of color and odor 
-Decrease of turbidity 
Sludge Treatment 
-Oxidation of secondary sludge for partial or complete 
volatilization of organics 
-Partial oxidation to make organics available as food 
in activated sludge recycle 
Combined treatment with activated carbon, filtration, ultrasonics, 
or other chemicals 
Odor control 
7 
the quality of the receiving stream (3-446). Additionally, ozonation 
·may be more cost effective than chlorination, especially when 
dechlorination and reaeration are required. 
Ozonation System 
8 
A typical ozonation system consists of an ozone generator, the 
associated power supply and gas-preparation equipment, and a means of 
mixing the ozone with the liquid being treated. To properly select 
these components for an ozonation pilot plant, extensive review of the 
function and performance of each component is necessary. 
Ozone Generation 
Theory 
The most common method of commercial ozone production utilizes 
the silent corona discharge principle (1-25). Consequently, this was 
the only type of generation considered for the ozonation pilot plant. 
A simple generator for corona discharge production of ozone is 
illustrated in Figure 1. A high-voltage, alternating current is 
applied to the two metal electrodes which are separated by a 
dielectric and a discharge gap (empty space). The dielectric i s 
usually glass and prevents arci.ng between the electrodes. A blue-
violet 11 corona" may be observed in the discharge gap as an oxygen-
bearing feed-gas passes through the discharge gap. Ozone is produced 
when a portion of the oxygen becomes ionized and associates with the 
nonionized oxygen molecules (2-102). 
Due to the nature of ozone production, approximately 90 percent 
of the energy applied is lost as heat. Heat removal is necessa y 
r 
03 
Figure 1. Basic Ozone Generator Configur~tion. 
- ELECTRODE 
DIELECTRIC 
GROUND 
ELECTRODE 
\.0 
10 
because ozone decomposition is enhanced at ~igher temperatures. Above 
.40° Celsius (C), little ozone is produced. The glass dielectric may 
also fail at increased temperatures. Water is generally used as a 
generator coolant. 
Factors to consider in the selection of an ozone generation 
system include the type of feed gas, feed gas preparation, the power 
supply, and the type of ozone generator. 
Type of Feed-Gas 
Either air, oxygen-enriched air, · or pure oxygen may be used to 
generate ozone. Assuming all conditions equal, approximately twice 
as much ozone will be produced from pure oxygen feed-gas as from 
air feed-gas (2-106}. Generally, one-percent by weight ozone is 
produced when generated from air while two-percent ozone is 
produced from a pure-oxygen feed-gas. As a result, the use of 
oxygen as the feed-gas doubles the amount of ozone produced per unit 
of electrical energy. 
The economic considerations in the selection of oxygen feed-gas 
include the cost of oxygen production, the availability of li qui d or 
gaseous oxygen and the ability to recycle oxygen-containing 
contactor off-gas. The major cost factors for selection of air 
feed-gas are the higher capital cost for equipment and higher power 
costs. Generally, production of ozone from o~ygen may be considered 
for large applications where the preparation of pure oxygen feed-gas 
becomes feasible (1,2). 
Currently, most water treatment facilities use air for ~zone 
production although the use of high-purity oxygen for wastewater 
ozonation has been promoted in the United States. In wastewater 
.applications, the contactor off-gases may be used beneficially in 
the activated sludge process. 
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Due to the small size of the pilot plant system, it appears that 
ozone production from air is most feasible. Bottled oxygen could be 
used, but its cost over the projected years of operation is 
prohibitive. 
Feed-Gas Preparation 
The purpose of feed-gas preparation is to provide a clean, cool, 
dry feed-gas to the ozone generator. Generally, ozone generation is 
more efficient and less generator maintenance is required, when the 
feed gas is clean and dry. Presence of moisture in the feed gas 
accelerates decomposition of ozone. Moisture may also combine with 
nitrogen to produce nitric acid which may corrode parts of the 
generator. The gas preparation system will normally include cooling 
equipment and desiccant dryers to dry the gas to a dew point of minus 
40° to minus 60° C (1-81) . 
Other than the drying requirements, the components of the air 
preparation system depend on the gas pressure required by the ozone 
generator and contacting system. Three common gas-preparation systems 
are illustrated in Figure 2 (7). 
The low-pressure system (0-20 em (0-8 in) of water) may be 
used with contacting systems (such as an aspirating turbine or 
injector) which draw ozone gas from the generator. An ozone generator 
capable of operating at low or negative pressure must be used with 
this system. 
r 
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Figure 2. Common Gas Preparation Systems. ~ 
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The medium-pressure system (41.4 to 82.7 Kilopascals (KPa) 
(6-12 psig)) is similar to the low-pressure system. ~gas aftercooler 
is added to reduce the gas temperature increased by pressurization. 
This system may be used with the diffuser-type contactor .which requires 
pressurized feed-gas. 
The high-pressure (483-689 kPa {70-100 psig)) gas-preparation 
system allows the use of a high-pressure desiccant. It is similar to 
the medium-pressure system, but has provisions to remove oil residue 
and reduce the air pressure to various ·generation and contacting 
pressure levels. All three systems utilize filters to remove inlet 
dust and desiccant residue. 
For the pilot plant, selection of the air-preparation system 
may be dictated by the type of ozone generation and contacting 
systems used. Regardless of the type selected, the gas provided to 
the generator should be dust-free and dried to the dew point 
specified for efficient generator operation. 
Power Supply 
The power input to an ozone generator is defined by Equat ion 1 
(1-85). 
W = 4 f Cgeo (em - Ca/C)e0 (1) 
where: W = power 
f = frequency 
C = capacity of the dielectric 
C~ = capacity of discharge gap 
c = (CgCa)/(Ca + C9) e0 = discharge potential across gap 
em = peak ~alue of voltage across electrodes 
Cg, Ca, and e0 are constant for a given generator. Above a minimum 
threshold voltage, input power is directly proportional to the 
356281 
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frequency and the applied voltage. Because ozone production is 
.related directly to the input power, production may be regulated by 
varying the frequency or voltage of the input power. 
Based on the above principles, generator power supplies are 
classified into three categories: low-frequency, variable-voltage; 
medium-frequency, variable-voltage; and fixed-voltage, variable-
frequency (1-86). Each configuration consists of a power source, a 
variable transformer or a frequency converter, and a high-tension 
(step-up) transformer. 
The low-frequency (50 Hz or 60 Hz) variable-voltage (to 20,000 
volts) is the most common power supply used in present generation 
systems (7). The medium-frequency (600 Hz) variable-voltage system 
allows nearly double ozone production from the same generator as 
when operated at low frequency. However, more power is consumed at 
medium frequency per unit weight of ozone produced. Use of a fixed-
voltage, variable-frequency (up to 2000 Hz) system may be justified 
when ozone production exceeds 240 kilograms per hour (kg/hr) (530 
pounds per hour (lb/hr)) (1-87). 
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Although the electrical power equipment is generally specific to 
the type of ozone generator suppl ·ied, the low-frequency, variable-
voltage system would be the configuration of choice for the 
ozonation pilot plant. This selection would be representative of 
current systems and be readily adaptable to pilot-plant operat ion. 
Ozone Generators 
As illustrated in Figure 3, there are three common types of 
ozone generators; the tube-type, the Otto-plate, and the Lowther-plate. 
Water Cooled Stainless 
___ ""'7"'Co..._ Steel Ground Electrode ' 
o~L7ZZ 03 
H~1~c~~~~:ge_ F' ' ' ; , "~ 
Dielectric 0? bx==-c~ / o3 t::: :f.:::- .. /d --.... 
Discharge Gap~ .. .-flZz.z· Z 7 I':.ZL..Z .. 
J 
TUBE OZONE GENERATOR UNIT 
Dielectrics .-------&---
OTIO PlL\TE:: OZONE GENERATOR ELEMENT 
High Voltage 
Steel El~ctrode 
Ceramic·---
o·i e 1 ectri c 
Ground Steel 
~Electrode 
__ Silicone Rubber 
-- Separator 
LOWTHER PLATE GENERATOR CELL 
Figure 3. Common Ozone Generators (1-lCO). 
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-
The general operating characteristics for these generators are 
summarized in Table 4 (2-108). 
16 
The tube-type generator is most commonly used and is 
characterized by tubular dielectrics and electrodes. The tube 
configuration lends itself to efficient water cooling. Large 
generators of this type may incorporate many generation tubes into a 
single cooling-water jacket giving the_ generator an "iron lung" 
appearance. Increasing the number of tubes in the generator increases 
the maximum ozone output. 
The ·otto-plate generator is also water cooled. Several of the 
. generator elements illustrated in ~igure 3 may be installed in a 
single housing. The Otto-plate generator operates at atmospheric or 
negative pressure and thus may be used with an aspirating turbine 
or injector-type contacting system. Otto-plate units are not as 
subject to damage from high-moisture feed-gas as are the tube-type 
units (1). 
Operational experience with the tube and Otto-plate generators 
indicates that, when the feed-gas preparation equipment functio s 
properly, the generators perform well. The dielectrics generally are 
reliable and require minimum maintenance, while cooling-water 
requirements and power consumption are of the same order of 
magnitude (8). 
The Lowther-plate unit is air cooled and can operate at hi gh 
frequencies using solid-state electronics. As shown in Figure 3, heat 
is removed from each cell by passing ambient air over the aluminum 
heat dissipaters. The Lowther unit is relatively new (1-103). 
17 
TABLE 4 Typical Characteristics of Ozone Generators (2) 
Generator T~ee 
Tube Type Otto Plate Lowther Plate 
Feed Gas Air, Oxygen Air Air, Oxygen 
Cooling Method Water · Water Air 
Pressure (psig) 3 - 15 0 1 - 12 
Peak Voltage (KV) 15 - 20 7.5- 20 9 
Frequency (Hz) 50 - 600 50 - 500 60 - 2000 
1% Ozone Power 
Requirement (Kwh/Kg) 
Air Feed 16.5- 22 22.5 13.9 - 19.4 
Oxygen Feed 8.3- 11 5.5 - 7.7 
Monitoring 
Factors which affect ozone generation include feed-gas dew 
point, feed-gas flow rate, power supplied to the generator and 
generator product-gas temperature. Monitoring of each of these 
parameters is necessary for efficient ozone production. 
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The negative effect of high feed-gas dew point on ozone 
production was investigated at . the Upper Thompson Sanitation District 
Wastewater Treatment facility at -Estes Park, Colorado (9). 
Applied for wastewater disinfection, ozone was generated from air with 
water-cooled, tube-type generators. At a fixed air-flow rate and 
input power setting, ozone production decreased from 125.7 kg/day 
(57 lb/day) at a dew point of -72° C to 92.6 kg/day (42 lb/day) at 
a dew point of -56.5° C (9). 
With constant applied power, increasing the flow rate of the 
feed gas through the ozone generator will increase the mass of ozone 
generated per unit of energy applied and per unit time, and will 
reduce the concentration of ozone in the product gas. Reducing the 
feed-gas flow to the generator will have the opposite effect (1-25). 
Monitoring the flow rate gives the operator precise control of ozone 
production. 
The temperature of the generator product gas is directly 
affected by the efficiency of the generator cooling system. The 
performance of the cooling system may be checked by comparing the 
inlet and outlet temperatures of the cooling water. 
The pilot-plant ozone generator should be representative of 
present and future systems. It should be compatible with the feed-
gas preparation system and the contacting system. Provision for 
monitoring instrumentation is required. 
Ozone Contacting 
Theory 
The purpose of the contacting system is to efficiently and 
economically dissolve the ozone gas into the solution being 
treated. This is usually accomplished by dispersing ozone gas 
bubbles into the solution. As the bubbles mix with the solution, 
mass transfer of ozone occurs across the · interface between the 
bubble and the liquid. The rate of ozone transfer across this 
interface is controlled primarily by the ozone concentration 
differential across the gas-liquid interface, the interfacial area, 
the rate of interface renewal, and the effects of temperatures and 
pressure on the solubility of ozone (10,11,12). 
The chemical constituents of the liquid to be treated and the 
ozone concentration of ~ the feed gas affect the ozone concentration 
differential across the gas-liquid interface (13). The transfer of 
ozone into solution is regulated by the relative concentrations of 
ozone on either side of the interface. The rate at which ozone 
reacts with the constituents of the ozonated solution determines how 
rapidly the ozone in the solution will be consumed. In water or 
wastewater treatment, the concentration of ozone on the liquid side 
of the interface is small because the ozone will be utilized almost 
as rapidly as it is transferred until a residual is created (10). 
Also, the higher the ozone concentration in the ozone-rich gas, the 
more driving force is available for mass transfer (13). 
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The interfacial area and rate of interface renewal are related 
to the size of the bubbles and the amount of mixing in the contactor 
(10). Smaller bubbles have more interfacial area available for 
absorption of ozone into solution. Generally, bubble diameters of 
1 to 3 millimeters (mm) should be produced with the dispersing 
system (14). 
In general, the rate of renewal of the gas-liquid interface 
increases with greater mixing. However, Farooq et. ~· (12) found 
that excessive mixing hastened the ~ecomposition of ozone in the gas 
phase. Whether by mechanical agitation or by the rising action of 
ozone bubbles, mixing in the ozone contactor should be sufficient to 
ensure contact between the ozone gas and the contents of the 
contactor (12). 
The dissolution of ozone is favored with increased pressure in 
the gas phase (14). Increasing the temperature of the liquid phase 
decreases the solubility of ozone but increases the rate of reaction 
between ozone and the reactants (12,13). 
Treatment Reactions 
There are two general categories of reactions between ozone and 
the constituents of the solution to be treated: (1) rapid reactions 
that are limited by the rate of mass transfer of ozone into solution 
and (2) slower reactions that are controlled by the kinetics of t he 
chemical reaction between the constituent and ozone (1-108). For 
each application of ozone for water or wastewater treatment, the 
type of reaction expected affects the design of the contactor. 
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For example, the reaction of ozone with iron and manganese is 
mass-transfer controlled. Therefore, a contactor which causes rapid 
mass transfer should be used. Such a contactor may apply a high ozone 
dose for a short period of time (1-27). 
Conversely, the reaction of ozone with ammonia is very slow even 
in the presence of very large ozone residuals. For this chemical-
reaction-rate controlled application a small ozone dose over a longer 
contact time may be most efficient (1-27). 
Selection of the ozone contactor is ·affected by the objectives of 
ozonation. · Typical reaction types for common applications are listed 
in Table 5. 
Types of Contactors 
The design of most common contacting systems is based on some 
method of dispersing ozone bubbles into a solution. A wide range of 
contactors has been developed for ozonation of water and wastewater. 
Each type of contactor has operational advantages and disadvantages. 
Ozone transfer efficiency, and the percentage of supply-gas ozone 
absorbed into solution also may vary with contactor types. 
Diffuser-Type Contactors The porous diffuser contactor is most common 
and frequently used with the tube-type ozone generator (8). As shown 
in Figure 4, pressurized ozone-rich gas is dispersed into the liquid 
at the base of one or more mixing chambers. Injection depths of 
five meters (16.4 feet) or more are required to provide optimum mass 
transfer (14). The diffusers are typically ceramic, stainless steel, 
or aluminum oxide with 25 to 60 percent porosity (13,5). 
TABLE 5 Types of Reactions for Various 
Ozone Applications (1-108) 
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Mass-Transfer Controlled Chemical~Reaction-Rate Controlled 
Bacterial Disinfection* 
Viral Inactivation* 
Microflocculation 
Iron Oxidation 
Manganese Oxidation 
Preconditioning of Biological 
Activated Carbon 
*Regulated over 6 to 10 minutes. 
Taste Removal** 
Odor Removal** 
Ammonia Removal 
Micropollutant Oxidation** 
**Mass-transfer or chemical-reaction-rate controlled depending on 
the nature of the chemicals present. 
Countercurrent 
Flow 
Cocurrent 
Flow 
Contact Chamber 
Off-Gas 
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.Flow Meter {Typical) 
Ozone-Rich (Typical) 
Gas -------~--------~----------
Figure 4. Multi-chamber, Diffuser-type Ozcne Contactor (1-119). 
Drive Motor 
1 Ozone-Rich 
f Gas 
Figur·e 5. Tur·binP. Type Ozone Cont .~ctol- (1-112) .. 
Diffuser-type systems may utilize cocurrent (water flow upward 
with the rising bubbles) or countercurrent (water flow downward 
against the rising bubbles) flow. Countercurrent flow appears to be 
more efficient due to ballasting of the ozone bubbles and greater 
mixing (14). 
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Multiple-chamber diffuser-type contactors are commonly used for 
disinfection of both water and wastewater (1-109,4). The initial 
ozone demand is satisfied in the first chamber and decreasing amounts 
of ozone are fed to successive chambers. 
The diffuser-type contactor is energy efficient because liquid 
flows through the contactor by gravity. The wide gas-liquid operating 
ranges allow operational flexibility. However, intermittent operation 
and precipitation of oxidized substances may cause diffusers to clog. 
Longer contact times require larger contactors and there is a 
possibility for vertical channeling of gas bubbles, reducing the ozone 
transfer efficiency ( 1-30). 
Turbines Turbine contactors may. either draw ozone-rich gas from 
the ozone generator or operate with pressurized ozone-rich gas. As 
shown in Figure 5, the motor-driven impeller disperses the ozone 
bubbles and also provides mixing action for efficient mass transfer 
(14). Therefore, it is useful for mass transfer-controlled 
applications. 
Turbine contactors are frequently used as off-gas recycle systems. 
In a water treatment facility at Montreal, the off-gasses from a three-
stage diffuser system are recycled to a turbine contactor where further 
ozone transfer is accomplished (15). Where similar off-gas 
recycling is practiced, 98 to 99 percent of the ozone produced can 
be utilized (13). 
Injectors The negative-pressure (vacuum) injector is commonly used 
with Otto-plate type ozone generators. As illustrated in Figure 6, 
the water to be treated is forced through a Venturi section. Ozone 
is drawn into the water by the v.acuum at the Venturi throat. The 
solution then passes through a dip-tube into a tank where detention 
time is provided. 
Either all or part of the total flow to be treated may pass 
through the injector. If only a part of the flow is treated, this 
ozone-rich portion is mixed in a contactor with the remainder of 
the flow (1-110). With a partial-injection system, transfer 
efficiencies of 80 percent have been reported (8). 
The positive-pressure injection system is a relatively recent 
development in ozonation for mass-transfer-controlled applications. 
The injector is similar to the vacuum injector except that a small 
cocurrent injection chamber replaces the Venturi section. The 
ozone-rich gas and the liquid to be treated, each under pressure, 
are intimately mixed in the injection chamber. The solution then 
passes through a dip-tube into a contact tank (16). 
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Both turbines and injectors are small in size and provide good 
dissolution of ozone into the water. However, they require energy to 
operate and can function only over narrow gas-liquid operating 
ranges (1-30). 
Unozonated:= ----........ Y
Water 
Contact Chamber 
Off-Gas 
CONTACTOR 
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Ozone-Rich Gas 
~----------_--->- Ozonated 
Water 
Figure 6. Total Flow, Vacuum Injection Ozone Contactor (1-111). 
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Figure 7. Packed Bed Ozone Contactor (3-352}. 
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Packed Bed A packed-bed contactor is simply a basin filled with 
porous packing as shown in Figure 7. Raschig rings are commonly used 
as packing. Packed beds typically operate in the countercurrent 
mode. The Raschig rings promote mixing between the ozone-rich gas 
and the liquid to be treated. Contact times are generally short (one 
to six minutes), but a holding tank may be used downstream from the 
packed bed to provide longer contact times (8). 
Packed-bed contactors have a wide gas-liquid operating range 
and are usually quite compact. However, they are easily plugged and 
channelling may occur (1-30). 
Contactor Off-Gas 
For health reasons, the concentration of ozone in the contactor 
off-gases should be reduced to below 0.1 mg/1 before the gas is 
released to the atmosphere. Off-gas disposal may be accomplished by 
dilution with air, by ozone destruction with heat, granular activated 
carbon, a catalyst, or by reuse of the off-gas. Reuse or reinjection 
of off-gas may be cost-effective when the off-gas ozone concentration 
exceeds five percent of the ozone applied to the contacting system 
(1-127). 
Construction Materials 
Operational experience with ozonation systems indicate that 
caution must be exercised when construction materials are selected. 
At the Estes Park, Colorado, wastewater disinfection facility, 
Schedule 40 polyvinyl chloride (PVC) pipe was originally installed for 
piping ozone from the generator to diffuser-type contactors (9). After 
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one year of operation, ozone gas leakage occurred around solvent-
welded and threaded joints and along straight pipe sections near pipe 
hangers. Portions of the PVC pipe which had conducted ozone under 
water became extremely brittle and shattered easily when dropped. 
The PVC piping was considered unsuitable and was replaced with 
Schedule 40, Type 304 stainless steel. 
Ozone gas leakage at solvent-welded PVC pipe connections also 
occurred at the Meander Advanced Wastewater Treatment Facility in 
Trumbull County, Ohio (16). Repair ~ith molten plastic and plastic 
cement fail~d to stop the gas leakage. 
The above experiences indicate that stainless steel piping 
should be used to conduct ozone-rich gas from the generator to the 
ozone contactor. Stainless steel piping should also be used for 
transporting contactor off-gas although aluminum has been used 
successfully in off-gas repressurizing systems (1-142). Common 
piping materials may be used for carrying ozonized water. 
Hypalon and rubber gaskets are attacked by ozone (9,16). It is 
claimed that viton and silicone rubber are appropriate gasket 
materials where flanged piping systems exist (1-141). 
Contactor Performance 
Transfer Efficiency For economic reasons, it is necessary to 
minimize the loss of ozone in the contactor off-gas. This requires 
the design and specification of an ozone-contacting system which 
achieves ozone transfer efficiencies on the order of 95 to 100 percent. 
The transfer efficiency of a contacting system must be evaluated to 
determine the amount of ozone that is utilized to accomplish the 
treatment objective. 
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Venosa, et. ~· (17), compared the transfer efficiencies of a 
packed-bed contactor, positive-pressure injection contacto~, and a 
three-stage (all countercurrent) diffuser-type contactor. Filtered 
secondary effluent was applied to each contactor under what was 
assumed to be comparable contacting conditions. The results indicated 
that the transfer efficiency was significantly higher in the diffuser-
type contactor followed by that of the packed-bed contactor, and then 
the positive-pressure injector. The transfer efficiencies of all 
three contacting systems decreased significantly with increased dosages. 
Scaccia and Rosen (13) contend that, at the same applied dosage, 
the same degree of mass transfer and transfer efficiency can be 
achieved with any generic contactor that is optimally designed. If 
this is true, transfer efficiency is a measure of whether the 
contacting system performs as it was designed to perform. 
Hydraulic Mixing The mixing characteristics of an ozone contactor 
are critical in both mass-transfer and reaction-rate controlled 
applications. For mass-transfer controlled applications, the ozone-
rich gas bubbles should be completely dispersed throughout the 
contactor to maximize the exposure of ozone to the liquid. This 
requires a high degree of mixing. On the other hand, chemical-
reaction-rate controlled applications require the contact of each 
reactant with the ozone residual over a definite time period. 
The conditions described above closely resemble complete-mixing 
for mass-transfer controlled reactions and plug-flow for chemical-
reaction-rate controlled reactions, the two extremes of ideal 
hydraulic mixing. Since complete-mixing and plug-flow are "ideal" 
mixing patterns, an intermediate mixing condition generally exists 
in a given contactor, usually referred to as arbitrary or non-ideal 
mixing. 
Complete-mixing occurs when the fluid particles entering a 
reactor are dispersed completely and instantaneously throughout its 
entire volume. This may be accomplished in baffled cylindrical or 
square basins if the contents of the basin are continuously and 
uniformly mixed (19-156). 
Plug-flow may occur in long, narrow tanks where increments of 
fluid are discharged in the same sequence in which they enter. The 
fluid particles remain in the reactor for a time equal to the 
theoretical detention time. 
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The most common method for evaluating the mixing characteristics 
of a contactor involves tracer studies and examination of a tracer-
analysis dispersion curve. To conduct such studies, a tracer is 
injected into the liquid stream at the basin inlet and monitored at t he 
outlet for a period of time. The tracer dispersion curve is a plot of 
outlet tracer concentration versus time. The tracer may be injected as 
a pulse input or as step changes of tracer. A pulse injection occurs 
when the tracer-injection time is less than one-fiftieth of the 
theoretical detention time of the contactor (20). Figure 8 includes 
an illustration of a typical pulse-injection tracer dispersion curves 
for complete-mix, plug-flow and arbitrary-mix contactors (19-157). 
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Figure 8. Dispersion Curves for Various Mixing Conditions (19-157). 
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Common tracers include inert dyes, radioisotopes, and salts. 
Environmental considerations, availability, and ability to measure 
tracer concentrations are factors which influence tracer selection 
(21-25). 
Conventional analysis and statistical analysis are common 
methods of relating the dye dispersion curve to the degree of mixing 
in the contactor. These analyses are thoroughly discussed by 
Heyer (21). 
Conventional Analysis The performan~e parameters commonly used in 
conventional analysis of mixing are defined in Table 6. These 
parameters are affected by the shape of the dispersion curve which, 
in turn, characterizes the degree of mixing in the contactor. 
To facilitiate the calculation of the performance indexes, the 
points on the dispersion curve are often converted to dimensionless 
values. The conversion is accomplished by dividing the measured 
concentrations (C) by the initial tracer concentration (C0 - mass of 
tracer/volume of basin) and by dividing the curve time (t) by the 
theoretical detention time (T). 
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The Morrill Dispersion Index, the Index of Average Detention Time 
and the Index of Modal Detention Time are commonly used to compare 
mixing conditions in contactors (22). However, a small change in the 
tracer injection technique may result in significant variation of the 
conventional parameter values. This variation probably results from 
using single data points to calculate the performance indexes. 
Statistical Analysis Statistical analysis of a dispersion curve 
considers the shape of the curve rather than values of central tendency. 
PARAMETER 
T 
t. 
1 
tp 
tg 
t1o,t5o,t9o 
ti/T 
tp/T 
t 9/T 
t5o/T 
tgo/t1o 
TABLE 6 Conventional Mixing Analysis Parameters (20) 
DEFINITION 
Theoretical detention time (Flow/Volume) 
Time interval for initial indication of tracer in the 
effluent 
Time to reach peak concentration 
Time to reach centroid of dispersion curve 
Time for 10, 50, and 90 per cent of the tracer to 
exit contactor 
Index of short circuiting 
Index of modal detention time 
Index of average detention time 
Index of mean detention time 
Morrill Dispersion Index (indicates degree of mixing) 
TYPICAL VALUES 
Complete Mix Plug Flow 
0 1 
0 1 
1 1 
0.693 1 
21.9 1 
w 
w 
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Two statistical analysis models are the axial-dispersion model and the 
tanks-in-series model. Both models are based on the calculation of 
the dispersion-curve variance as shown in the following equations 
(23-263). 
02 _ crt2 
- tg2 (2) 
ot2 = (l:t
2C) (l:tc) 2 (3) 
L:c L:c 
tg = L:tc L:c (4) 
o2 = variance of the dispersion curve 
C = tracer concentration at time, t. 
The axial-dispersion model attempts to measure the dispersion 
intensity of an increment of fluid in a contactor (23-263). The 
degree of mixing in a contactor is represented by the dispersion 
number, 0/UL. Based on a pulse tracer input, the dispersion number 
for a closed vessel is related to the dispersion curve variance by 
the equation: 
cr 2 = 2(0/UL) - 2(0/UL) 2 (1-e 
-UL 
o 
(5) 
The dispersion number for a plug-flow contactor is zero since 
there is no dispersion. For a completely-mixed contactor the 
dispersion number is infinity. Figure 9 illustrates several 
dispersion curves and their associated dispersion numbers (21-13). From 
this figure, it appears that the dispersion number may be used to 
. compare the degree of mixing of various contactors. 
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Figure 9. Dispersion Curves for Various Dispersion Numbers. 
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The tanks-in-series model also evaluates hydraulic mixing on the 
basis of a value derived from the variance of the dispersion curve. 
This model is based on the assumption t~at the contactor volume is 
divided into a series of 'n' equal-sized, completely-mixed · 
compartments (21-16). The single parameter, n, describes the mixing 
pattern in the reactor and is numeric~lly equal to the inverse of the 
dispersion-curve variance. 
Perfect plug-flow is approached when n is equal to 10 whereas 
n equals one in a completely-mixed reactor. An illustration of the 
relationship of n to the shape of the dispersion curve may be found 
in Figure 10. 
Statistical methods of dispersion-curve analysis are generally 
more consistent and reliable than conventional methods (22). However, 
if a conventional analysis is desired, the Morrill Dispersion Index 
appears to be the most reliable parameter for evaluating and comparing 
contactor mixing characteristics (24). 
Ozonation Installations 
The literature abounds with examples of ozonation facilities. 
The facilities described in Table 7 represent only a sample of the 
various installations and their treatment objectives as applied to 
water and wastewater treatment throughout Europe, Canada, and the U.S. 
From the available literature and Table 7, it would appear t hat 
no single type of contactor is used for a particular application. 
When diffuser-type contacting is used for water treatment, the contactor 
off-gas is commonly recycled to injector or turbine contactors. 
3.0 
2.5 
_, 
0 -1-
c::( 
c::= 
5 1.5 · 
........ 
f-
~ 
a:: 
t-
z 
LJ.J 
u 
z 
0 
(...) 
1.0 
0.5 
0 
0 
37 
~~---Plug Flow 
n = oo 
Comp 1 ete ~1i xi ng 
1 
5 
r---------~·~---------------------.----------~ 
0.5 1.0 1.5 2.0 2.5 
TIME RATIO, t/T 
Figure 10. Dispersion Curves for Various Tanks-in-Series N~mbers. 
TABLE 7 Operational Aspects of Ozone Installations 
DETENTION OZONE 
LOCATION INFLUENT TREATMENT OBJECTIVE CONTACTOR TYPE TIME DOSAGE REFERENCE 
Monroe, Lake Erie Odor and taste control 3-Stage 9 min. Up to 5 
Michigan Diffusion, off-gas 3 mg/L 
Recycled to first 
stage 
Toulon, Marne River Manganese, iron, and Pre-ozonation 8 min. Up to 8 
France turbidity removal 3-Stage 3 mg/L 
Diffusion 
Post-ozonation 
Injector 
Montreal, St. Lawrence Disinfection, taste 3-Stage 6-8 min. 1-3 mg/L 15 
Canada River and odor control Diffusion, off-gas 
Recycled to turbine 
Paris Seine River Disinfection, 3-Stage .15 min. 1-2 mg/L 25 
France polishing treatment Diffusion, off-gas 
Recycled to injector 
Roberva 1, Lake St. Jean Pretreatment for 1-Stage 8 min. Up to 26 
Canada color removal Diffusion 3 mg/L 
Aachen, Groundwater Taste, color, tur- Packed 3.7 min. 0.35 mg/L 1 
Germany bidity, Fe and Mn Column 
removal, disinfection 
Rotterdam, River Water Filtration aid, taste, 1-Stage 4 min. 3 mg/L 1 
Netherlands odor, color removal, Turbine 
disinfect ion 
w 
co 
~ 
~-
TABLE 7 
LOCATION INFLUENT 
Dusseldorf, Rhine River 
Germany 
Estes Park, Tertiary 
Colorado Wastewater 
Effluent 
Mahoning Advanced 
County, Waste Treat-
Ohio ment Effluent 
Operational Aspects of Ozone Installations (Continued) 
DETENTION 
TREATMENT OBJECTIVE CONTACTOR TYPE TIME 
Taste, odor, Fe and Injector 5 min. + 
Mn, organic removal, 20 min. 
disinfection Holding Tank 
Disinfection f'1U 1 t i -Stage 14 min. 
Diffusion 
Disinfection Positive-Pressure -
Injector 
OZONE 
DOSAGE 
3 mg/L 
Up to 
6 mg/L 
Up to 
6 mg/L 
REFERENCE 
9 
9 
16 
w 
~ 
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·Multiple-stage diffusion seems to be widely used for both mass-transfer 
and reaction-rate controlled applications. 
Ozone dosage and contact time seem to be determined by the 
treatment objective and the quality of water to · be treated~ For 
water treatment, ozone dosages range ·from 0.35 to 3 milligrams per 
liter (mg/L) and total contact times from 3 to 25 minuteso Dosages 
of 4 to 8 mg/L and 10- to 15-minute contact times are common for 
wastewater treatment. 
On the basis of the literature reviewed, a multiple-chamber 
diffusel'-type contactor is the contactor of choice for the ozonation 
pilot plant. High contacting efficiencies are obtainable with this 
contactor and no added energy is required for mixing. Also, the 
wide gas-liquid operating range cf the diffuser-type contactor is 
favorable for pilot-plant studies allowing a wide range of detentton 
times and ozone dosages. 
The contactor should be sealed to prevent escape of off-gasses 
and prov~ded with a vent for off-gas exit and destruction. Provision 
should be made for off-gas destruction because off-gas recycle 
may or may not be practiced on a pilot scale. Finally, this type of 
contactor is deemed suitable to meet the multiple-application 
objective for an ozonation pilot plant. 
METHODS AND MATERIALS 
The ozonation pilot plant was initially installed at the East 
Water Treatment Plant, Brookings, South Dakota. The performance of 
the system was evaluated at this location. 
Pilot-Plant Design 
Design Variables 
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Because the ozonation pilot p~ant will be transported to various 
municipal treatment facilities, the syst~m must be portable, easy to 
assemble, and of a physical size that will pass through conventional 
doors. The minimum hydraulic capacity of a pilot system is governed 
by problems related to limitations on the accuracy of flow measurement 
and the surface effects associated with pipe flow. The maximum 
capacity is restricted by portability and costs. Other considerations 
are design simplicity, use of ozone-resistant materials and ease of 
operation. 
Design Criteria 
Based on consideration of the design variables and examinati on of 
literature, the following design parameters seemed appropriate. 
(1) Hydraulic flow rate; 3.8-38 liters per minute (lpm) 
(1 - 10 gallons per minute (gpm)). 
(2) Detention time; 5 - 30 minutes. 
(3) Dosage; up to 20 milligrams of ozone per liter of wate r 
(mg/L). 
Design Specifications 
· The design and equipment selection for the pilot plant were 
based on the literature review. General specifications for the 
ozonation pilot plant were established as follows. 
(1) The ozone generator should be a tube-type, air-feed, 
water-cooled unit of sufficient capaci~y to maintain an ozone 
dosage of up to 20 mg/L at a water flow rate of 3.8 - 38 lpm 
(1 - 10 gpm). The generator should be mounted on skids. The 
maximum skid assembly width should be 0.76 meters (2.5 feet) and 
the maximum height should not exceed 1.83 meters (6 feet). 
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(2) A medium- or high-pressure air-preparation system should be 
supplied complete with the necessary compressor, air cooler, filters, 
and air dryer. The ai r-preparation system should be capable of 
supplying clean, oil-free, pressurized air with a dew point of less 
than -40° C. The air-preparation system should have complete air 
temperature, pressure, and flow-monitoring capabilities. 
(3) The ozone generation system should include a low-frequency 
(60Hz), variable-voltage power supply compatible with the ozone 
generator. Meters should be provided to monitor the amperage, voltage, 
and wattage applied to the system, and 240-volt, 60-Hz, single-phase 
power shall be supplied to the system. 
(4) A dual-chamber diffuser-type contactor with a total hei gh t of 
4.88 meters (16 feet) should be furnished with the ozonation system. 
The contactors should be mounted on a separate skid. Interconnecting 
piping between the chambers should be designed to permit countercurrent 
or cocurrent liquid flow in each chamber. The contact system should 
be ·capable of providing total contact times from 5 to 30 minutes 
43 
and flow rates from 3.8 to 38 lpm (1 - ~0 gpm). The contactor design 
should permit ease in set-up and take-down. The contactors, ozone 
supply piping, and diffusers should be constructed of· Type 304 
stainless steel. Contactor off-gasses must be confined and provision 
made for off-gas disposal and/or destruction. 
(5) A positive-displacement, variable-flow pump should supply 
liquid to the contact system. The flow rate of the pump should be 
3.8 to 38 lpm (1 - 10 gpm) at a discharge pressure of 10 meters 
(33 feet) of water. Power supply should be 120-volt, 60-Hz, single-
phase power. Proper flow metering is required. 
The preceding general specifications were followed in the 
design of the ozonation pilot plant. Design calculations and further 
specifications are presented in Appendix A. 
Pilot-Plant Construction 
The ozonation pilot plant that was constructed consisted of a 
skid-mounted generation system and a separate skid-mounted diffuser -
type contactor assembly. The major portion of the pilot plant was 
constructed by Emery Industries, Inc., Cincinnati, Ohio, based on the 
design and specifications described above. Contactor interconnecting 
piping, off-gas piping and vent ducting, water-supply pump system 
and various miscellaneous items were supplied by others. A complete 
list of pilot-plant equipment and materials suppliers is presented in 
Appendix B. 
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Ozone Generation System 
The ozone generation system is illustrated in Figure 11. The 
control panel, air compressor, and air cooler are mounted on one skid 
and the remainder of the generation system is mounted on a second 
skid. The skids have detachable casters and the 0.76-meter (2.5-foot) 
width allows passage through standard ooorways. The generation system 
is an Emery EMERZONE Model EGS-3 with a maximum rated capacity to 
produce 1. 36 kg (3 1 bs) of one-percent-by.-wei ght ozone per day. 
The system includes the ozone generator, power supply, and air-
preparation systems. The generation system schematic diagram is 
presented in Figure 12. Pilot-plant generation system start-up and 
shut-down procedures are outlined in Appendix C. 
The tube-type ozone generator has three 7.62-cm (3-in) diameter 
by 142-cm (56-in) long generation tubes (dielectrics) arranged in an 
11 iron lung 11 jacket. The generator may operate with one, two, or 
three dieletric tubes inserted in the generator shell. Because the 
full ozone generation capacity was not required for this research, the 
generator was operated using only one dielectric tube. 
Figure 13 is a view of the single dielectric tube inserted in the 
generator shell. To force the air stream through the single operating 
tube, the remaining two tube shells were plugged with aluminum-covered 
wood plugs. 
Metal portions of the generator with possible ozone exposure are 
constructed of Type 304 stainless steel. The generator was cooled 
with tap water at a gaged flow rate of 1.9 lpm (0.5 gpm). The cooling 
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r;~u re 1~ . Czone Generator Dielectric Installation. 
water pressure was regulated and monitored to maintain a pressure 
of 103.4 kPa (15 psig). 
The generator is furnished with high-low pressure switches and 
a high-temperature switch. When the air pressure is less than 
55.2 kPa (8 psig) or greater than 124.1 kPa (18 psig), or when 
the cooling-water temperature exceeds_ 380 C (100° F), .the switches 
automatically activate a horn on the control panel and cut power to 
the generator. If a glass dielectric fails, the resulting current 
surge will activate the same shut-down seqeence. 
The generation system includes a constant-~requency (60 Hz), 
variable-voltage power supply. Power is supplied to the ozone 
generator through a 3-KVA, step-up transformer which has a maximum 
output of 20,000 volts. A variable transformer on the control 
• 
panel regulates the voltage to the step-up transformer from 0 to 
240 volts. Ozone production is controlled by dialing a voltage on 
the variable transformer. Supply power to the entire generation 
system is 240-volt, 60-Hz, single-phase power. 
The high-pressure air preparation is designed to provide clean, 
oil-free air to the generator at a dew point of less than -40° C. 
Maximum rated pressure of the system is 689 kPa (100 psig) at a 
maximum flow-rate of 209.4 slpm (7.4 scfm). The major components of 
the air pretreatment system include the air compressor, air coole r , 
pressure tank, and desiccant dryer. 
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Prefiltered ambient air is compressed with an Airtek Model D248C 
twin-cylinder compressor. The compressor has a maximum output of 
209.4 slpm (7.4 scfm) at 689 kPa (100 psig). When the air-
preparation system is operating, the compressor runs continuously. 
The compressor is belt-driven by a 2-horsepower, 1725-RPM U.S. 
Electric motor. 
The air cooler is mounted adjacent to the compressor. The 
Airtek fan-cooled air cooler receive~ air heated due to compression 
by the compressor and cools the air to approximately 21° C {70° F). 
A removable length of copper tubing connects the air cooler to the 
air-storage tank. 
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At the inlet to the air storage tank, an automatic pressure 
regulator permits air-preparation system pressure adjustment and 
relief. The regulator allows the air pressure to build up to a 
pre-determined cut-out pressure and then releases air until the 
pressure drops to a pre-set cut-in pressure. This regulator was 
adjusted so that the air pressure oscillated between 345 kPa (50 psig), 
552 kPa (80 psig). The 76-liter (20-gallon) pressure tank provides 
air storage for the system. At the bottom of the tank, a solenoid-
activated condensate drain valve opens for one second at five-minute 
intervals to drain moisture from the tank. 
Before entering the desiccant air dryer, the air passes through 
an Airtek Model 3210 Prefilter. This prefilter removes dirt and 
moisture in two stages. The contaminants are centrifically separated 
in the first stage. The second stage then filters out particles as 
small as 20 microns in diameter. 
The dew point of the pressurized air is lowered to below -40° C 
with an Airtek Model TW-10 twin-tower heatless desiccant dryer. 
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Moisture is removed from the air by absorption onto activated alumina 
desiccant. While one desiccant tower is in the absorption cycle, 
the other tower is reactivated by passing a purge flow of dry gas 
through the desiccant. The moisture-laden purge stream is discharged 
to atmosphere. Absorption cycle time for each tower · is five minutes. 
Solenoid valves automatically switch the absorption and reactivation 
cycles. 
An Airtek Model 3211 coalescer removes dust particles which may 
have passed with the air stream from· the desiccant dryer. Following 
this afterfilter stage, a manually-adjusted, pressure-reducing valve 
reduces the air pressure to the desired ozone generator pressure. The 
ozone generator pressure was regulated from 68.9 kPa (10 psig) to 
74.5 kPa (10.8 psig) during this research. Immediately before 
entering the generator, the pretreated air flow is regulated and 
monitored using a Dwyer Model RMB-54-SSV valved Rotameter. Air flows 
from 9.3 slpm (0.33 scfm) to 94.2 slpm (3.33 scfm) may be monitored on 
the meter scale. 
The air preparation system is equipped with pressure and 
temperature gages which provide a full temperature and pressure profile 
of the air as it is processed by the air preparation system. This 
allows the operator to monitor the efficiency of each system component. 
Ozonated air from the generator is transmitted to the contact or 
through 1.27-cm (0.5-in) I.D. Type 304 thin-wall stainless steel 
tubing. The tube sections are connected with Type 316 stainless steel 
Swagelok tube fittings. 
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Diffuser-Type Contactor Assembly 
The diffuser-type contacting system consists of two, Type 304 
stainless steel chambers dimensioned as. shown in Figure 14. The 
columns were constructed in flanged sections to facilitate portability 
and to enable operation at various contactor heights as available 
headspace permits. The sections were _designed to allow operation at 
the total contactor heights and liquid depths shown in Table 8. 
Due to hydraulic operational difficulties (discussed in RESULTS 
AND DISCUSSION) the original placement of the contactor sections was 
modified to allow more freeboard above the water in each chamber. As 
a result of this modification, the operational dimensions shown in 
Table 8 were obtained. All interconnecting pipes and pipe fittings 
are of 5-cm (2-in) Schedule 80 threaded PVC. 
The contact chambers may be operated singly or in series, each 
capable of countercurrent or cocurrent flow. During the course of 
this research, the chambers operated in series with countercurrent 
flow in each chamber. The chambers were referred to as Contactor 1 
and Contactor 2 as shown in Figure 15. Also shown are sampling 
locations for raw and ozonated water, off-gas, and ozone feed-gas. 
A combined sample or separate samples of off-gas from the contactors 
may be collected. Water samples may be collected after passing 
through Contactor 1 or after passing through both contactors. 
Flow of ozone-rich gas to each diffuser was regulated at the 
contactor base with a 1.27-cm (0.5-in) stainless steel ball valve and 
monitored with a Fischer and Porter Series 10A3500 Flowrator rotameter. 
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Figure 14. Pilot~Plant Diffused Contactor Assembly. 
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TABLE 8 Ozonation Pilot Plant Contact Chamber Dimensions 
DESIGN DIMENSIONS OPERATIONAL. DH~ENSIONS 
Total Height Liquid Depth Total Height Liquid Depth Total Volume 
m ft m ft m ft m ft 1 iters cu ft 
2.44 8.0 2.23 7.33 2.44 8.0 2.03 6.67 77.8 2.75 
3.05 10.0 2.84 9.33 3.05 10.0 2.64 8.67 101.3 3.58 
3.66 12.0 3.45 11.22 
3.27 14.0 4.06 13.33 3.27 14.0 3.86 12.67 148.2 5.24 
4.88 16.0 4.67 15.33 4.88 16.0 4.47 14.67 171.6 6.07 
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Figure 15. Ozone Contact System Schematic Diagram. 
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The backpressure on the rotameters is monitored to enable flow-rate 
correction to standard conditions. Standard temperature and pressure 
for all gas volumes and flows was 250 .C (77o F) and one atmosphere. 
A single sintered stainless steel diffuser, Model MBG-2084-1 
manufactured by Pall Trinity Micro Corporation, is positioned in the 
center of each contact chamber 30.5 em (12 in) above the base. The 
diffusers may be observed and maintained through a 7.6-cm (3-in) 
port in the contact chamber wall. 
Tygon tubing conducts the off-gas from the top of each chamber to 
a length of 10.2-cm (4-in) dryer vent ducting. The gases are 
drawn through the dryer ducting and discharged to the atmosphere with 
an existing exhaust fan at the Brookings East Water Treatment Plant. 
The contactor influent was obtained from the raw-water header 
pipe at the Brookings East Water Treatment Plant. A Teel, Model 
1P774, positive-displacement gear pump driven by a Seco, Model 8501, 
one-horsepower variable-speed electric motor maintained the desired 
raw-water flow to the contacting system. Water flow rate was 
adjusted by regulating the speed of the motor. A 1.6-cm (0.63-in) 
Badger Model 15 water meter recorded the water flow through the 
system. 
Experimental Procedures 
Upon completion of the design and construction of the ozonat i on 
pilot plant, the remaining objective was to evaluate the performance 
of the system. The performance evaluation included calibrating the 
generator ozone production, evaluating the effects of liquid depth, 
applied ozone dosage, and contact time on ozone transfer efficiency, 
arid analyzing the mixing characteristics of the contactor system. 
Generator Calibration 
Above a threshold voltage, the concentration of ozone in the 
ozone generator output should increase with increases in the applied 
voltage. If the quality and flow-rate of the feed-gas and the gas 
pressure in the ozone generator remain constant, the generator can 
be calibrated for ozone production at v~rious input voltages. 
Subsequently, the desired concentration of ozone-rich gas can be 
produced by adjusting the percent of maximum input voltage (percent 
variac) on the variable transformer. 
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The ozonation pilot plant generator was calibrated at 7.4 slpm 
(0.26 scfm) and 11.3 slpm (0.40 scfm) air flow-rate with generator 
pressures of 68.9 kPa (10 psig) and 74.5 kPa (10.8 psig), respectively. 
At each flow rate, the ozone concentration of the generator product 
gas was measured at voltages ranging from 30 to 100 percent of 
maximum input voltage. The product ozone gas concentration, percent 
variac, and the input voltage were recorded for each calibration 
point. The percent variac and input voltage values were read 
directly from the generator control panel. 
Product ozone gas was obtained from a Tygon sampling tube 
connected to a port on the output end of the generator. The ozone 
concentration in the product gas was determined using a variation of 
the iodometric determination of ozone residual as described in 
Standard Methods (29-456). This procedure involves a sodium 
thiosulfate titration of a potassium iodide solution which has been 
~xposed to a known volume of ozone-ri~h gas. The generator output 
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(in kg per day) was calculated using the product-gas ozone concentrations 
and the air flow-rate. All gas volumes and flow rates were corrected to 
standard conditions. A detailed description of generator output 
sampling, analysis, and calculation procedures is given in Appendix D. 
Transfer Efficiency Studies 
The objective of this portion of the research was to investigate 
the effects of contactor water-depth, applied ozone dosage, and 
contactor detention time on the transfer efficiency of the contacting 
system. To aid in understanding the transfer efficiency evaluation 
procedures, the following parameters are defined. 
(1) Applied ozone dose (D) 
D = Cs (Qs/Ql) (6) 
where: Cs = ozone concentration in the gas supplied to the 
contactor (mg/L) 
Qs = ozone supply-gas flow rate (lpm ) 
Ql = liquid flow-rate (lpm) 
(2) Percent transfer efficiency (%E) 
%E = 100 (Cs - C0 )/Cs (7) 
where: c0 = Ozone concentration in the contactor off-gas (mg/L) 
Inspection of the above equations reveals that the applied ozone 
dosage can be varied by changing either the supply-gas ozone 
concentration or the ratio of the supply-gas flow to the contactor 
liquid flow. The transfer efficiency can be evaluated from measurements 
of the off-gas ozone concentration and the supply-gas ozone 
concentration. 
The transfer efficiency of the diffuser~type contactor system 
was evaluated at four liquid depths as shown in Table 9. Other than 
liquid depth, all operational conditions were held constant. 
Contactor 1 received a greater portion of the supply gas flow than 
Contactor 2 because it was assumed that more ozone demand would 
occur in Contactor 1. 
Three experimental replications were conducted at each liquid 
depth. Single samples for supply-gas ozone concentration, off-gas 
ozone concentration and ozone residual analyses were collected for 
each replicate as illustrated in Figure 16. Analysis procedures 
for off-gas ozone concentrations and ozone residual were similar to 
that for supply-gas ozone concentration and are outlined in detail 
in Appendix D. Each ozone sample was analysed immediately upon 
collection. For each replication, applied ozone dosage and percent 
transfer efficiency were calculated and recorded. 
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The effects of applied ozone dosage and detention time on ozone 
transfer efficiency were then investigated using the liquid depth 
that yielded the highest transfer efficiency (4.5 m). At the 4.5-
meter liquid depth, it was difficult to regulate the ozone supply gas 
flow into Contactor 2 when the generation system was operated at 
68.9 kPa (10 psig) generator pressure and 7.4 slpm (0.26 scfm) gas 
flow rate. This problem was eliminated by increasing the generator 
pressure and flow rate to 74.5 kPa (10.8 psig) and 11.3 slpm 
(0.40 scfm), respectively. The ozone supply gas flow to Contactor 1 
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TABLE 9 Operating Conditions for Liquid-Depth Study 
VARIABLE CONDITION 
Liquid depth, m(ft) 2.03(6.67), 2.64(8.67), 3.86(12.67), 4.47(14.67) 
CONSTANT CONDITIONS 
Freeboard at each depth, m(ft) 
Total ozone supply-gas flow, lpm(scfm) 
Contactor 1 supply-gas flow, lpm(scfm) 
Contactor 2 supply-gas flow, lpm(scfm) 
Influent water flow, lpm(cfm) 
Gas/liquid ratio 
Supply-gas ozone concentration, mg/L 
Applied ozone dosage, mg/L 
0.59(1.33) 
7.4(0.26) 
4.3(0.15) 
3.1(0.11) 
21.2(0.75) 
0.35 
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Figure 16. Ozone Analysis Sampling Diagram. 
(Scmples collected and analysed 
for each replicate, three 
replicates per run.) 
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was maintained at 7.1 slpm (0.25 scfm) and the flow to Contactor 2 was 
4.2 slpm (0.15 scfm). 
Three ozone dosages and detention· times were selected on the 
basis of dosages and detention times typically used in water 
treatment. With the total ozone supply-gas flow maintained at 
11.3 slpm (0.40 scfm) and the contactor liquid-flow held constant 
for each detention time, the applied ozone dosages were obtained by 
varying the concentration of ozone in the contactor supply gas. The 
ozone concentrations of the supply-gas were provided by referring to 
the appropriate generator calibration curve and adjusting the 
variable transformer to the proper voltage. Table 10 includes a 
tabulation of the supply-gas ozone concentrations for each of the 
nine operating conditions (runs). 
For statistical reasons, three experimental replications were 
completed for each run. Gas and liquid samples were collected and 
analyzed for each replication as illustrated in Figure 16. From 
the replicate data, applied ozone dosage and percent transfer 
efficiency were calculated and recorded. 
Mixing Studies 
The hydraulic mixing characteristics of the pilot plant 
contacting system were evaluated using the tracer pulse injection 
technique. Two contactor configurations were examined; (1) total 
system mixing when the contact chambers are operating countercurrently 
and in series and, (2) mixing of Contactor 1 when operating 
countercurrently. 
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TABLE 10 Operating Conditions fo~ Ozone-Dosage and Detention-Time 
Studies 
Applied Ozone Dosage (mg/L) Supply Gas Ozone Concentrations (mg/L) 
2 4 3 2 
4 8.1 6.1 4 
6 12.1 9.1 6 
Detention Time (min) 7 .·5 10 15 
Contactor Liquid (lpm) 22.9 17.3 11.6 
Flow Rate (cfm) 0.81 0.61 0.41 
Gas/Liquid Ratio* 0.49 0.66 1.03 
*Supply gas flow rate = 11.3 slpm (0.40 scfm) 
Since the rate of water flow through the contact system would 
affect the turbulence in the contact ~hambers and hence the mixing 
characteristics, tracer studies were conducted at three different 
liquid flow rates. These flow rates, corresponding detention times 
and other experimental operating conditions are summarized in 
Table 11. 
For the duration of the mixi~g experiment, the ozone generation 
equipment was operated at the same press~re and air flow-rate used 
in the dosage and detention-time studies. However, ozone was not 
generated due to possible chemical reactions of ozone with the 
tracer dye. Therefore, the feed-gas supplied to the contactors 
consisted entirely of air. 
63 
Rhodamine B dye solution was used as the tracer. Rhodamine B is 
a fluorescent dye commonly used as a tracer in hydraulic mixing 
studies (21-26). This dye was selected because it is non-toxic, 
relatively inexpensive, readily available, and detectable at low 
concentrations with a fluorometer. 
To reduce the effects of background fluorescence on the analyses, 
tap water was used as the influent to the contact system. It was 
assumed that tap water, which was treated water from the Brookings 
East Water Treatment Plant, had less background fluorescence than the 
raw water used for the transfer efficiency studies. 
To test the repeatability of the tracer analyses, three 
experimental replications were completed. As a result, three dispersion 
curves were obtained for each detention time. For each dispersion 
curve, pulse injection was obtained by overturning a 500-ml beaker 
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TABLE 11 Operating Conditions for Mixing Evaluation 
VARIABLE CONDITIONS 
Liquid flow-rate, lpm(cfm) 28.9(1.02), 17.3(0.61)~ 11.3(0.40) 
Detention time, (min) 
Contactors-in-series 
Contactor 1 
5.95 
2.98 
CONSTANT CONDITIONS 
Liquid depth, m(ft) 
Total air-supply flow, lpm(scfm) 
Contactor 1 air-supply flow, lpm(scfm) 
Contactor 2 air-supply flow, lpm(scfm) 
10 
5 
15 
7.5 
4.47(14.67) 
11.3(0.40) 
7.1(0.25) 
4.2(0.15) 
(containing 300 ml of 60-mg/L Rhodamine B solution) at the liquid 
surface adjacent to the influent port .of Contactor 1. Access to the 
injection point was gained by removing · the cap from the top of 
Contactor 1. 
Following the pulse injection, grab samples of the contactor 
effluent were collected in 50-ml gla£s bottles at predetermined time 
intervals. Sampling was continue~ for a time-period equal to four 
times the theoretical detention time. T~e injection point and 
sampling locations for the contactots-in-series and single contactor 
mixing evaluations are noted in Figure 17. 
After collection, the samples were placed in a 22° C constant-
temperature bath to bring the samples to standard temperature. The 
fluorescence of the Rhodamine B tracer in the samples was determined 
using a G. K. Turner Model 110 fluorometer. The wavelengths of the 
primary and secondary filters were 546 millimicrons (m~) and 590 m~, 
respectively. Unknown dye concentrations were determined by 
comparison of the sample fluorescence with a standard curve. The 
dispersion curve for each replicate tracer analysis was plotted and 
subjected to conventional and statistical analysis. 
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RESULTS AND DISCUSSION 
Pilot-Plant Operation 
Several repairs and modifications of the ozonation pilot plant 
were necessary to render it operational. Problems were encountered 
with the power supply and controls, the air-preparation system, ozone 
generator, and the contacting system. 
Power Supply and Controls 
A flexible conduit carries the control and power wiring from the 
control panel on one skid to the generator components on the other 
skid. As built, the connections for this wiring would have had to be 
rewired and soldered each time the system was moved to another 
location. The portability of the system was improved by the 
installation of a quick-connect outlet at the base of the control 
panel. A male plug was attached to the end of the flexible conduit. 
The connection was wired so that the electrical connection between 
the skids can be made simply by inserting the plug into the outlet. 
The terminals to the primary coils on the step-up transformer 
were not covered. This was considered a serious hazard to the 
operator because this connection receives up to 240 volts of high-
amperage power from the variable transformer. A metal safety box was 
fabricated and placed over the terminals to alleviate this hazard . 
Inspection of the conduit leading from the step-up transformer 
to the power end of the ozone generator tubes revealed that the wire 
connecting the transformer to the generator tubes could contact the 
walls of the conduit. Because this wire carries up to 20,000 volts of 
electricity, the possibility of an electrical arc between the wire 
and the conduit wall existed. As a precaution against an 
unintentional electrical ground, a ri~id insulator was installed to 
center the wire in the conduit. 
It was discovered that the 240-volt, 60-Hz, single-phase power 
required for the ozone generator was ·not available at . the Brookings 
East Water Treatment Plant. To supply the proper power, the City of 
Brookings installed a dry transformer adj.acent to the ozone 
generator. 
The ammeter and wattmeter on the control panel did not function 
properly when power was supplied to the generator for ozone 
production. Under the advisement of the manufacturer, electrical 
connections to the wattmeter were modified and the ammeter was 
replaced. Presently, the ammeter functions, but the wattmeter does 
not. Further action on this problem is pending. 
Air-Preparation System 
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As built, the condensate drain lines from the air pressure tanks 
and the desiccant dryer prefilter were connected to a drain line 
common with the cooling-water drain. When the ozone generation system 
was in operation, cooling water backed up into the prefilter through 
the common drain line. To prevent this and possible flooding of the 
desiccant dryer, the drain-pipe system was modified to segregate the 
cooling-water drain line from the condensate drain lines. 
The design air flow-rate of the air-preparation system is 
48.1 lpm (1.7 scfm) with three generation tubes installed in the 
generator. During the course of the performance evaluation, only 
one generation tube was installed with the maximum air flow-rate set 
at 11.3 lpm (0.4 scfm). This flow-rate was below the calibrated 
minimum capacity of both the generator air-feed rotameter and the 
contactor ozone supply-gas rotameters. New rotameters (described in 
METHODS AND MATERIALS) with the correct calibrations ·were purchased 
and installed. 
It was then discovered that the corrected air flow-rate through 
the generator air-feed rotameter did not agree with the total 
corrected air flow-rate to the contactors measured by the contactor 
rotameters. Using a wet-test gas meter, the calibration of the 
contactor rotameters was checked and found to be correct. For the 
duration of the research, the recorded gas flow-rate was that 
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measured by the contactor rotameters corrected to standard temperature 
and pressure. The generator air-feed rotameter was used only for 
flow regulation. 
Ozone Generator 
During the initial pressurization of the cooling-water system, 
water leaked into the generator through pinhole flaws in the welds 
connecting the generator tubes to the cooling-water manifold. Such 
leakage could result in total failure of the ozone generator. The 
flaws were repaired using an arc welder with a stainless steel 
electrode. 
For demonstration purposes, it was desirable to view the inside 
of the ozone generator while ozone was being generated. This was 
accomplished by replacing the original solid-aluminum end-plates 
with 1.27-cm (0.5-in) thick plexigla~ plates. The plexiglas plates 
were reinforced with 0.64-cm (0.25-in) thick aluminum rings. 
Diffused Contacting System 
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Upon receipt of the stainless steel contact chambers from the 
manufacturer, it was discovered that several of the 5.1-cm (2-in) 
taper-threaded water inlet and outlet couplings had been installed 
improperly. Fittings could be attached .to these couplings from the 
inside of the contact chamber, but ·could not be properly attached 
from the outside. To alleviate this problem, threads were cut on the 
outer surface of 3.8-cm (1.5-in) PVC pipe-threaded couplings. These 
couplings were then inserted into the faulty couplings from inside 
the chamber. Using appropriate reducing bushings, the 5.1-cm (2-in) 
PVC interconnecting pipe could then be properly attached to the 
contactors. Various leaks in the threaded connections of the contact 
system were sealed with teflon tape and silicone caulk. 
In the original design and installation of the contact system, 
20.3 em (8 in) of freeboard were provided between the contactor liquid 
level and the top of contactor chambers. Due to turbulence caused by 
the diffused-air bubbles at high air flow-rates, water was forced 
out of the contactor through the off-gas tubing. Obviously, more 
freeboard was needed. Freeboard was increased to 40.6 em (16 in ) by 
inverting the top 70-cm (2-ft) section of each chamber. This added 
freeboard solved the water problem, but reduced the available liquid 
depths as previously mentioned. 
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Generator Calibration 
The ozone generator was calibrated at air flow-rates of 7.4 slpm 
(0.26 scfm) and 11.3 slpm (0.40 scfm).· The resulting calibration 
curves are compared in Figures 18 and 19. The calibration data are 
tabulated in Appendix E. 
Ozone was not produced by the generator below 65 to 70 volts 
applied voltage. Below this "threshold" voltage, an insufficient 
amount of energy is available in the discharge gap to convert oxygen 
to ozone. 
It appears from Figure 18 that, at given applied voltages, 
greater concentrations of ozone are produced at the 7.4 slpm 
(0.26 scfm) air flow-rate than at the 11.3 slpm (0.40 scfm) air flow-
rate. Conversely, comparison of the curves in Figure 19 reveals that, 
at voltages greater than 160 volts, a higher mass of ozone is produced 
per unit at the 11.3 slpm (0.40 scfm) air flow-rate than at the 
7.4 slpm (0.26 scfm) air flow-rate. 
Generally, the output of the generator at a given voltage was 
constant from day to day. Small variations in output (5 to 10 per 
cent) occurred below approximately 140 volts, possibly due to the 
effects of the threshold voltage and variable inlet air quality. At 
given voltages above 140 volts, the generator output was repeatable. 
At the maximum voltage (240 volts), the generator produced greater 
than one per cent by weight of ozone in air at both air flow-rates. 
In summary, the ozone output varied as expected with the air 
flow-rate. As the air flow-rate was increased, the concentration 
.. 
z 
0 
....... 
l-
ex: 
0::: 
1-
z 
w 
u 
z 
0 
u 
LLJ 
z 
0 
N 
0 
2 
1 
Air Fl m.;- Rate 
o-o 7.4 slpm (0.26 scfm) 
o-o 11.3 slpm (0.40 scfm) 
100 
I 
150 
APPLIED VOLTAGE, volts 
72 
1. 25 .. 
.f.) 
::.: 
~, 
1.00 ~ 
.. 
z 
0 
~ 
0. 75 ~ 
0::: 
1-z 
LLJ 
u 
0.50 ~ 
u 
w 
z 
0 
0.25~ 
Figure 18. Generator Product-Gas Concentration at Vari ous 
Applied Voltages. 
·------------------- r.-------------------~ 
Air Flow-Rate 
o--o 7.4 slpm (0.2G scfm) 
o-o 11.3 slpm (0.40 scfrn) 
50 150 
APPLIED VOLTAGE, volts 
200 250 
Figure 19. Generator Output at Various Applied Voltages. 
0.5 
... 
1-
0.3 ~ 
1-
:::> 
0 
0::: 
0.2 ~ 
ex: 
0: 
I.J.J 
z 
LLJ 
0. 1 (.!) 
73 
of ozone in the product-gas decreased, but ozone production generally 
increased on a mass-per-unit-time basis. 
Transfer Efficiency 
Liquid-Depth Effect 
The mean percent transfer efficiency at each liquid depth is 
plotted in Figure 20. The transfer efficiency data a·re tabulated in 
Appendix F. No residual ozone was detected in the contactor effluent 
during this portion of the research. 
At a constant applied ozone do~age of 2.4 mg/L, the mean percent 
transfer efficiency increased from 78.5 percent at 2.03-m 
(6.67-ft) liquid depth to 92.8 percent at 4.47-m (14.67-ft) liquid 
depth. As supported by an analysis of variance (28-273) the 
difference between the mean transfer efficiencies at the various 
liquid depths was highly significant (0.01 level). 
Under the conditions of the experiment, it appears from Figure 20 
that transfer efficiency increased linearly with contactor liquid 
depth. Upon statistical analysis of these data, there was a high 
correlation between the plotted data and a straight line, with 98.6 
per cent of the variation in transfer efficiency accounted for by a 
linear relationship with height. A summary of the analysis of 
variance (ANOVA) and correlation analysis can be found in Appendix F. 
From the experimental data, it may be concluded that, at a 
2.4-mg/L applied ozone dosage, the ozone transfer efficiency of the 
diffused contactor increased directly with liquid depth to a 4.47-m 
(14.67-ft) liquid depth. This is supported by the theory of mass 
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transfer in a diffuser-type contactor whereby the ozone mass in the 
rising gas bubbles is transferred into the water across the gas-liquid 
interface. The greater the liquid depth, the greater is the chance 
that ozone will be transferred across the gas-liquid interface. 
Consequently, the highest transfer efficiency occurred at the 
greatest liquid depth, 4.47 m (14.67 -ft). As a result, this liquid 
depth was used for the remainder of the research. 
Ozone-Dosage Effect 
In Figure 21, the mean transfer efficiencies for the three 
detention times used in the experiment are shown as a function of 
applied ozone dosage. The experimental data for Figure 21 are given 
in Appendix G. From Figure 21 it can be observed that, irrespective 
of detention time, the percent transfer efficiency of the contact 
system decreased with increases in applied ozone dosages. An analysis 
of variance of the data confirmed that a highly significant difference 
(0.01 level) exists between the mean transfer efficiencies at the 
various experimental dosage levels. The ANOVA calculations are 
included in Appendix G. 
The decrease in transfer efficiency with increased dosage was 
also experienced by Venosa, et. ~· (17). A possible explanation for 
this trend is that at higher dosages, a greater portion of the ozone 
demand is satisfied or exceeded and the remaining ozone is released 
as off-gas. This hypothesis is supported by the ozone residual dat~ 
illustrated in Figure 22 and tabulated in Appendix G. Zero ozone 
residual was observed at the 2-mg/L ozone dosage while 0.74 to 1.23 
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mg/L were observed at the 6-mg/L ozone dosage. The presence of an 
ozone residual indicates that the ozone demand was either satisfied or 
exceeded. From the mass-transfer poirit-of-view, as the ozone 
residual on the liquid side of the gas-liquid interface increases, 
the driving force for mass-transfer decreases. Therefore, as with 
the pilot-plant diffuser-type contactor, when the applied ozone dosage 
is increased, the transfer efficiency (in percent) decreases. 
Detention-Time Effect 
Figure 23 graphically illustrates the relationship between 
detention time and transfer efficiency at 2, 4, and 6 mg/L applied 
ozone dosages. The mean transfer efficiences are plotted from the 
experimental results tabulated in Appendix G. From Figure 23 it 
appears that, at a given dosage, the transfer efficiency remained 
fairly constant with changes in detention time. An analysis of 
variance supported this hypothesis. As shown in Appendix G, the 
difference between the mean transfer efficiencies at different 
detention times was not significant at the 0.05 level. 
As detention time was decreased, however, the mean ozone 
residual in the contactor effluent increased at the 6-mg/L dosage 
level as illustrated in Figure 24. At a dosage of 4 mg/L and a 
detention time of 7.5 minutes, a mean residual of 0.36 mg/L was 
detected. At the 2-mg/L dosage level, no residual was detected. At 
this dose the ozone was probably consumed in reactions with the 
.water constituents. 
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The higher residuals at increased ozone dosages and shorter 
detention times could result from the .more intimate mixing caused by 
greater .. ballasting .. of the ozone gas bubbles. At shorter detention 
times, the velocity of the water is greater, restraining the bubbles 
(ballasting) as they rise to the surface. Thus, the bubbles are held 
in the water for a greater length of ·time. Also, due to the 
experimental design, the concentration of ozone in the supply-gas was 
higher at shorter detention times. Ther~fore, more ozone was 
available at the gas-liquid interfac-e creating a higher residual. 
Since the gas-liquid ratio increased directly with detention 
time, the conclusions from the detention-time evaluation also could 
apply to the effects of the gas-liquid rates on transfer efficiency. 
The mean transfer efficiences at the various gas-liquid ratios used 
in the experiment were not significantly different (0.05 level). 
Mixing 
The dispersion curves from the tracer analysis of the contact 
system were analyzed using both statistical and conventional techni ques. 
The dispersion number (D/UL), tanks-in-series number (n), and Morrill 
Dispersion Index (t 90;t10
) were calculated for each experimental 
replication. The replicate dispersion curves, statistical calculations 
and results can be found in Appendix H. The mean dispersion curves 
and mean results of the mixing evaluation methods are presented i n 
Figures 25 and 26 and in Table 12. 
To determine the repeatability of the tracer analysis, the 
replicate dispersion curves for each detention were compared using a 
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TABLE 12 
Detention 
Time, min. 
5. 95 
10 
15 
2.98 
5 
7.5 
Complete mixing 
Plug flow 
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Mean Results of Contact System Mixing Evaluations 
Model Parameter 
Dispersion Tanks-in-series 
Number, D/UL Number, n 
SERIES FLOW MODE 
0.052 10.2 
0.069 7.8 
0.101 5.5 
SINGLE CONTACTOR FLOW MODE 
0.095 5.9 
0. 165 4.9 
0.260 2.6 
IDEAL MIXING 
(X) 1 
0 00 
Morrill Dispersion 
Index, t 90;t10 
2.6 
3.2 
4.1 
4.2 
5.7 
7.7 
21.9 
1 
stepwise, polynomial regression computer program and a statistical 
test of the homogeneity of the regression coefficients (29-319). It 
was found that the replicate curves ~ere not significantly different 
from each other at the 0.05 level. 
The shape of the dispersion curves for both series and single 
contactor flow modes indicates that ·neither complete mixing nor plug 
flow exists. However, the following trends were observed from 
Table 12. 
(1) For both flow modes, the ·degree of mixing, as indicated by 
the Morrill Dispersion Index, increased with increasing detention 
time. 
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(2) The mean dispersion numbers and tanks-in-series numbers 
reveal that the mixing in the single contactor flow mode approaches 
complete mixing (D/UL = 0.260, n = 2.6) as the detention time is 
increased. The mixing of the series-contactor flow mode approaches 
plug flow (D/UL = 0.052, n = 10.2) as the detention time is decreased. 
(3) When the mixing conditions at each detention time are 
compared, the single contactor is more completely mixed than when the 
two single contactors are operated as a series system. 
(4) A high degree of correlation existed between the Morrill 
Dispersion Index values and the dispersion numbers (single mode 
r = 0.96, series mode r = 0.99). This indicates that either the 
Morrill Dispersion Index or the dispersion number may be used to 
characterize the mixing conditions in the contact system. 
The results of the mixing evaluation indicate that the pilot 
plant contact system should perform .well for both mass-transfer and 
reaction-rate controlled applications. Mass-transfer controlled 
reactions could take place in Contactor 1 where greater mixing 
occurs. Whereas, reaction-rate controlled reactions could also be 
accommodated in the two-column series system where near plug-flow 
conditions are approximated. 
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CONCLUSIONS 
Based upon the investigations described herein, the following 
conclusions concerning the performance of the ozonation ·pilot plant 
were made: 
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(1) As the air flow-rate through the ozone generator increases, 
ozone production appears -to increase at high applied voltages 
-
on a mass-per-unit-time basis, but the ozone concentration in 
the product gas appears to decrease. 
(2) · From liquid depths of 2.03 m (6.67 ft) to 4.47 m (14.67 ft), 
mean transfer efficiencies increased from 78.5 to 92.8 percent. 
The increases in contactor transfer efficiency were found to be 
highly significant and directly related to liquid depth. Due to 
the high transfer efficiency obtained at the 4.47 m (14.67 ft) 
liquid depth, contactor operation at this depth is recommended. 
(3) Transfer efficiency (in percent) appears to decrease 
significantly with increases in applied ozone dosage. 
(4) Changes in detention time were found to have no signif i cant 
effect on ozone transfer efficiency at given applied ozone 
dosages. 
(5) Arbitrary-flow mixing conditions were found to exist in 
the contact system. For the detention times evaluated, the 
two contactors-in-series configuration exhibited near plug-
flow mixing, while flow through a single contactor appeared to 
be more completely mixed. The contactor should perform well 
for both mass-transfer and reaction-rate controlled applications. 
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RECOMENDATIONS FOR FUTURE STUDIES 
The following recommendations are made for future studies of the 
performance of the ozonation pilot plant: 
(1) The generator ozone production should be ·calibrated at 
various air flow-rates with two and three generation tubes in 
operation. 
(2) The effect of feed-air dew point on generator ozone 
production could be investigated. 
(3) · Since ozone residual can also be measured with an 
amperometric titration method, a study could be made comparing 
results of ozone residual analyses using amperometric titration 
with those of the iodometric method used in this investigation. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
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APPENDIX A 
OZONATION PILOT PLANT DESIGN CALCULATIONS 
A. Design Parameters. 
1. Hydraulic flow rate; 3.8-38 lpm (1-10 gpm) · 
2. Detention time; 5-30 minutes 
3. 
4. 
O~one dosage; up to 20 mg 03/L H20 
Maximum contactor height; 4.88 m (16 ft) 
B. Calculate ozone generator capacJty. 
- maximum capacity is at greatest water .flow-rate and ozone 
dosage. 
gm 03/hr = dosage X flow-rate 
=(20 mg o3) (38. L) (60 min) ( gm ) 
L m1 n hr 1000 mg 
= 45.6 gm/hr (2.41 lb/day) 
- specify an ozone generator which will produce a maximum of at 
90 
least 46 gm of one percent by weight ozone per hour (2.5 lb/day). 
C. Calculate contactor liquid volume. 
- assume; 2 contactor chambers. 
0.20 m (0.67 ft) freeboard in each chamber. 
0.15 m (0.5 ft) diameter contact chambers. 
- small enough to handle yet sufficiently large to 
negate surface effects on liquid flow. 
- liquid val. = 2 chambers X liquid depth X chamber area 
APPENDIX A, Continued 
- Metric; 
liq. vol. = (2)X(4.88 m- 0.2 m)X(3.14/4) (0.15 m) 2 
= (2) (4.67 m) (0.018 sq m) 
= 0.170 cum= 170 liters 
- English; 
liq. vol. = (2)X(16 ft- 0.67 ft)X(3.14/4) (0.5 ft) 2 
= (2) · (15.33 ft) .(0.196 sq ft) 
= 6.02 cu ft = 45 gallons 
D. Check detention time at maximum and minimum flow-rates. 
- detention time (DT) = liq. vol ./flow-rate 
~1aximum DT = 1 i q. vol ./minimum flow-rate 
= 170 L/3.8 lpm 
= 44.7 minutes > 30 minutes - OK 
Minimum DT = 1 i q. vol ./maximum flow-rate 
= 170 L/38 lpm 
= 4.5 minutes < 5 minutes - OK 
- specify two 0.15-m (0.5-ft) inside diameter contact chambers 
each 4.88-m (16-ft) in height. 
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APPENDIX B 
OZONATION PILOT PLANT EQUIPMENT AND MATERIALS 
Item 
Ozone 
Generator 
Air Compressor 
and Aftercooler 
Prefilter 
Desiccant 
Dryer 
Coalescer 
(afterfilter) 
Air Prep. 
Rotameter 
Contactor 
Rota meters 
Pos. Dis p 1 • 
Gear Pump 
1-Hp DC Motor 
Motor Controller 
Stainless Steel 
Diffusers 
Manufacturer 
Emery Ind., Inc. 
Airtek 
Airtek 
Airtek 
Airtek 
Dwyer 
Fischer & 
Porter 
Teel 
SECO 
SECO 
Pa 11 
Model 
EMERZONE 
EGS 3 
D248C 
3210 
TH-10 
3211 
Ratemaster 
Fl owrator 
10A3500 
1P774 
18-17-5335 
-D-90-FC 
8501 
MBG2084-1 
Supplier 
Eme~y Industries, Inc. 
4900 Este Ave. 
Cincjnnati, OH 45232 
(513) 482-2100 
Emery Industries, Inc. 
Emery Industries, Inc. 
Emery Industries, Inc. 
Emery Industries, Inc. 
Dwyer Instruments, Inc. 
P.O. Box 373 
Michigan City, IN 46360 
(219) 872-9141 
Fischer & Porter Co. 
Suite 101 
6955 Washington Ave. 
Edina, MN 55435 
(612) 941-3323 
W.W. Grainger, Inc. 
P.O. Box 551 
Sioux Falls, SO 57104 
(605) 339-9164 
Power/mation Division 
1441 Iglehart Ave . 
Saint Paul, MN 55104 
(612) 645-0781 
Pall Trinity Micro Corp. 
Courtland, NY 13045 
(607) 753-6041 
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APPENDIX 8, Continued 
Item r·1a nufac turer ~1ode 1 Supplier 
PVC Pipe and Celanese Seelye Plastics, Inc. 
Fittings Plastics 9700 . Newton Ave. S. 
Minneapolis, MN 55431 
(612) 881-2658 
Stainless Steel 304 ss Vincent Brass & Alum. 
Tubing P.O. Box 360 
~1inneapolis, MN 55440 
(612) 378-1131 
Stainless Steel Crawford Swagelok Omaha Valve & Fitting 
Tube Fittings Fitting Co. P.O. Box 6107 
Omaha, NE 68106 
(402) 553-8800 
APPENDIX C 
OZONATION PILOT PLANT OPERATION PRODECURES 
SUPPLEMENT TO OPERATION AN~ MAINTENANCE MANUAL · 
A. Start-up. 
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1. Prepare ozonation system fo~ start-up as described on page 6 of 
the ozonation system Operation and Maintenance Manual. 
2. Turn on the off-gas vent fan. 
3. Check that all process-gas valves are closed. 
4. Open completely the discharge valves of cooling-water drain-line 
from ozonator. 
5. Crack the cooling-water inlet valves to ozonator, and open 
slowly, allowing cooling water to flow through the system. 
6. Adjust cooling-water flow to 0.5 gpm with the discharge valve 
and regulate water pressure to 15 psig. 
7. Check to see that voltage controller on the control panel 
is set at zero. 
8. Turn on the compressor at the control panel. 
9. Dryers are activated by a preset timer, which is tripped by 
step 8. 
10. Allow pressure to build up in the pressure tank until the 
desired pressure is reached (80 to 100 psig). 
11. Slowly open the ball valve immediately preceding the ozonator 
and allow pressure to build to 10.8 psig to and through the 
rotameter. The low ozonator pressure annunciator will shut 
off at 8 psig. 
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12. Check temperature gauge downstream from pressure tank to check 
efficiency of compressor aftercooler. The temperature should 
be approximately 70°F. 
13. Open the stainless steel balJ valves immediately preceding the 
contactor rotameters and throttle to desired flow-rate. 
14. Re-check pressure gauge on ozonator to be sure that 10.8 psig 
is being held. If adjustment is required, adjust pressure at 
pressure regulating valve. 
15. Fill contactors with influent water and adjust flow-rate to 
desired level. 
16. Re-check system air pressures and flow-rates and adjust if 
needed. 
17. Allow the system to run without the ozonator for a minimum of 
30 minutes. 
18. Check to see that the KW meter relay low-power kick-out is 
set at less than 0. 
19. Dial voltage controller on control panel to desired voltage. 
20. Ozone is now being generated. Check the entire system for 
operating conditions, leaks, etc. 
21. System is now operable. 
B. Shut-down. 
1. Turn off ozonator at control panel by dialing 0 percent on the 
voltage controller. 
2. Allow system to purge for one (1) hour. 
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3. Turn off the influent water to. the contac~or. Drain the contact 
chambers. 
4. Turn off the compressor at the control panel ·. 
5. Bleed air from all gas proce~s lines. Allow air to bleed 
through the generator. 
6. Close all valves of gas process lines. 
7. Turn off the cooling-water inlet and discharge valves. 
8. Tu~n off the off-gas vent fan. 
9. The system is shut down. 
C. Trouble-shooting and Maintenance. 
A complete description of trouble-shooting and maintenance 
procedures can be found in the Operation and Maintenance Manual. 
APPENDIX D 
I. Procedure for Supply-Gas Ozone Concentration Analysis 
1. Set ozonator at desired voltage setting. Record system data. 
2. Prepare wet chemistry equipment (see Figure D-1): 
a) Add 400 ml of 1% KI solution to each of two 500 ml gas-
washing bottles. 
b) Connect gas-washing bottles in series and connect wet-test 
meter. 
c) Level wet-test meter and adjust water level in the meter. 
3. With supply line connected to vent, open flow-control valve and 
generator stopcock. Purge for 30 seconds. 
4. Close flow-control valve and connect supply line to gas-washing 
equipment. 
5. Record the setting on the wet-test meter. 
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6. Open the flow-control valve and allow the ozone gas to enter the 
absorber at a flow rate of 1.5 liters per minute. Record manometer 
reading and wet-test meter temperature. 
7. After approximately 4.5 liters of ozone gas has passed through 
the KI solution, close the flow-control valve. Again, record the 
setting on the wet-test meter. 
8. Take gas-washing bottles to laboratory immediately and transfer 
the liquid to two separate 1 liter erlenmeyer flasks. Rinse tubes 
and bottles at least 3 times with demineralized water. 
9. Immediately add 10 ml of 2 N sulfuric acid (H 2so4) to each flask. 
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10. Read initial buret volume wh·ich contains 0.1 N sodium thiosulfate 
(Na 2s2o3). Sodium thiosulfate ~hould be standardized daily using 
potassium biniodate method (29-316). · 
11. Quickly titrate the darker of the 2 flasks to a pale yellow color 
using the Na 2s2o3. 
12. Add 5 ml starch indicator and titrate until colorless. 
13. Repeat steps 11-12 for the second flask. 
14. Reco rd final buret volume reading and determine volume of titrant 
used . 
mg o
3 
= (Normality of Na 2s2o3) (mls of titrant used) (24) 
Quick-
Co:~nectois 
'\--......._...,: 
, ·',x 
':' 
Tygon Tubing 
Flow-Contra 1 
Valve 
Stopcock 
Ozone 
Generator 
/Nanometer 
; 
Het-Test Meter 
-· D-1. ozor1e Supply-Gas Sampling Apparatus. 1-1gure 
99 
APPENDIX D, Continued 
II. Procedure for Contact9r Off-Gas Analysis 
1. Prepare wet chemistry equipment (see Figure D-2): 
a) Add 400 ml of 1% KI solut.ion to one gas-washing bottle. 
b) Connect gas-washing bottle ' to wet-test meter. 
c) Level wet- test meter and adjust water level in the meter. 
2. Record the wet-test meter reading. 
3. Connect gas -washing apparatus to off-gas sample line and allow 
approximately 10 liters of gas to flow through the bottle. Record 
manometer reading and wet-test meter temperature~ 
4. Reconnect off-gas line to vent and record final wet-test meter 
r·ead i ng. 
5. Take gas-washing bottle to laboratory immediately and quantitatively 
transfer the liquid from t~e gas-washing bottle to a 1 liter 
erlenmeyer flask. Rinse tube and bottle at least 3 times with 
demineralized water. 
6. Immediately add 10 ml of 2 N sulfuric acid (H2so4) to the flask. 
7. Read initial volume of buret containing 0.1 N sodium thiosulfate 
solution ·(Na
2
s
2
o
3
). Standardize Na2s2o3 daily using potassium 
biniodate method (29-316). 
8. Quickly titrate to a pale yellow color using Na 2s2o3. 
9. Add 5 ml starch indicator and titrate to colorless endpoint. 
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10. Record final buret volume reading .and determine volume of titrant 
used. 
mg 03 = (Normality of Na 2s2o3) (mls of titrant used) (24) 
v·ent To 
Duct 
Tygon Contactors 
Tubing 
Temperature Manometer 
Gas-Washing 
Bottles With 
2% KI Solution 
Meter 
~To Vent 
Figure D-2 . Contactor Off-Gas Sampling Apparatus. 
APPENDIX D, Continued 
III. Procedure for Ozone .Residual Analysis 
Iodometric Method (29-456) 
1. Collect an 800 ml sample in a 1000 ml gas-washing bottle with a 
porous diffuser at the bottom. 
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2. Connect the gas-washing bottle containing the sample to the 
nitrogen supply line and to a second ·gas-washing bottle containing 
400 ml of a 1%* KI solution. 
3. Pass a stream of nitrogen through the sample and then through the 
KI solution at a rate of 2 SCFH for 5 minutes to insure that all 
the ozone is swept from the sample and absorbed in the KI solution 
(see Figure D-3). 
4. Take the KI gas-washing bottle to the laboratory immediately and 
quantitatively transfer the liquid to a 1 liter erlenmeyer flask. 
Rinse tube and bottle at least 3 times with demineralized water. 
5. Immediately add 10* ml of a 2 N* sulfuric acid (H2S04) to the f lask 
to produce a pH below 2.0. 
6. Read and record initial volume of buret containing 0.005 N sodium 
thiosulfate solution (Na2s2o3). Standardize Na2S203 daily using 
potassium biniodate method (29-316). 
7. Quickly titrate to a pale yellow color using Na2S203. 
8. Add 5 ml starch indicator and titrate to a colorless endpoint. 
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9. Record final buret volume reading .and determine volume of titrant 
used. 
mg/L 03 = (Normality of Na 2s2o3) (mls of titrant used) (24000) 
mls of sample 
*Reduced to conserve on chemicals. 
Flow-Control 
Valve 
Compressed 
Nitrogen Gas 
Flow 
Meter 
Water 
Sample 
(800 ml) 
rr====;> To Vent 
2% KI 
Solution 
(400 ml) 
Figure 0-3. Apparatus for Ozone Residual Monitoring. 
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IV. Experimental Calculations 
A. Ozqne Concentration (Ozone supply-gas and off-g~s) 
1. Calculate weight of ozone trapped in KI solution. 
WT = (N mole eq.) (Titration ml) (24 gm 03) (1.0 L-mg) 
L . mo 1 e eq. gm-ml 
WT = (_N) (_ml) (24) = _ ·_. mg 
2. Calculate volume of gas that passed through wet-test meter. 
Correct volume to 25°C and 1 atm. 
v2 = (vi l p_) {2) 
p2 Tl 
= (_L) (-in H20 ) c36.6°R) = 
406.8 in H
2
o __ oR 
L 
where: v
1 
=Actual volume in liters (L) 
P2 = Standard pressure = 406.8 in H20 
p
1 
= Adjusted pressure = atmospheric pressure (in H20) 
+wet-test manometer p~essure (in H20) : water vapor pressure (from F1gure D-4) = __ 1n H2o 
T
2 
= Standard Temperature 
Tl = Actual Temperature = °F + 459.6 = 
3. Calculate ozone concentration. 
( )/( L) = __ mg/L mg o
3
;L gas = __ mg __ 
~~eight% o
3 
= ( __ mg/L) (0.0843) = 
104 
APPENDIX D, Continued 
B. Transfer Efficiency 
%transfer efficiency= {mg 03/L supply~gas) - {mg · 03/L off-gas) 
mg 03/L supply-gas 
C. Rotameter Correction 
D. 
Calculate air flow-rate. Correction is for variations from 
-calibration temperature and pressure. 
where; v1 = Actual volume in cfm 
Generator 
P2 =Standard pressure =calibration gauge pressure + atmospheric pressure = 0 psig + 14.7 psi = 14.7 psia 
r2 = Calibration temperature= 70°F + 459.6 = 529.6°R 
T 1 = Actua 1 Temperature =· _ · _°F + 459.6 = 
0 R 
T = Standard temperature = 77°F + 459.6 = 0 R 
3 
P
1 
= Actual pressure = backpressure gauge reading (psig) + 
atmospheric pressure (psi) = __ psi g + __ psi = 
__ psi a 
Output 
lbs 03/day = 
( __ scfm)' (_mg/L) (28.32 L~ ( 1 1 b ~ (1440 min) 
cu ft 453,400 m day 
= ( __ scfm) (_mg/L) (0.089944) = __ lb/day 
gm 03/hr = 
( __ sl pm) (_mg/L) 60 min = __ mg/hr 
1000 hr 
.. 
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E. Applied Ozone Dosage 
0 
N 
:c 
4-
0 
c 
•r-
., 
LL.J 
0::: 
~ 
V) 
V) 
LL.J 
0::: 
0.. 
0:::: 
0 
0.. 
c:::c 
> 
0::: 
LL.J 
I-
c:::c 
3 
14 
1-
13 
-
12 
11 
10 
9 
1-
8 
7 
= (mg 03/L supply-gas) ( gas flow ) water fl 0\'1 
= (_· mg/L) (-· sl pm) = _mg/L 
__ Jpm 
-
- v 
/ v 
/ v 
/ 
/ 
/" 
6 
5 / 
4 
50 
I I _._ . I I _l _L J .. . 
60 70 
WET-TEST METER TEMPERATURE, °F 
Figure D-4. Water Vapor Pressure vs Temperature. 
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APPENDIX E 
OZONE GENERATOR CALIBRATION DATA 
GENERATOR CALIBRATION A* 
Percent Variac Voltage Ozone Goncentra ti on Generator Output 
% Volts mg/l: % By Weight gm/hr 1 b/day 
30 75 0.03 0.003 0.01 0.001 
35 85 0.07 0.006 0.03 0.002 
40 96 0.16 0.013 0.07 0.004 
45 108 0.61 0.050 0.27 0.014 
50 119 2.10 0.180 0.93 0.049 
55 130 4.70 0.400 2.08 0.110 
60 141 9.10 0.770 4.02 0.213 
65 152 12.00 1.010 5.30 0.281 
72 168 14.60 1.230 6.45 0 . 341 
80 189 14.90 1.260 6.58 0.348 
100 240 15.90 1.340 7.02 0.372 
* Generator Pressure = 68.9 kPa (10 psig) 
Air flow rate= 7.4 slpm (0.26 scfm) 
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GENERATOR CALIBRATION B* 
Percent Variac Voltage Ozone Concentration Generator Output 
% Volts mg/L % By Weight gm/hr 1 b/day 
40 97 0.11 . 0. 01 0.07 0.004 
50 119 1.10 0.09 0. 75 0.040 
55 130 2.20 0.18 1.50 0.079 
60 141 4.40 0.37 2.99 0.158 
63 144 6.10 0.51 4.15 0.220 
.. 67 158 8.10 0.68 5.51 0.292 
70 165 9.50 0.80 6.46 0.392 
80 189 12.20 1.03 8.29 0.439 
100 240 14.20 1.19 9.65 0.521 
* Generator pressure = 74.5 kPa (10.8 psig) 
Air flow rate = 11.3 slpm (0.40 scfm) 
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LIQUID-DEPTH STUDY RESULTS AND STATISTICAL ANALYSIS 
Percent Transfer Efficiencies at Experimental Liquid Depths 
Liquid Depth Percent Transfer Efficiency, %E 
m ft Replicates Mean 
92.9 
4.47 14.67 92 ·. 6 92.8 
92.8 
90.5 
3.86 12.67 90.7 90.7 
90.8 
82.3 
2.64 8.67 81.5 82.2 
82.5 
78.8 
2.03 6.67 77.5 78.5 
79.2 
ANOVA for Liquid-Depth Experimental Data 
Source df Sum of Squares ~1ea n Square F 
Liquid 
Depths 3 413.99 138.00 594* 
Error 8 1.86 0.23 
Total 11 415.85 
* 594 > 7. 59, therefore, the difference between mean trans fer 
efficiencies at various depth is highly significant (0.01 level) 
.. 
APPENDIX F, Continued 
Results of Correlat1on Analysis 
of Liquid-Depth Experimental Data 
Linear Regression Equation (Least Square Method): 
y = 66.3463 + 6.060l(x) 
Where, x =liquid depth, m 
y = percent transfer efficiency, ft 
Correlation Coefficient, r = 0.993 
Coefficient of Determination, r 2 = 0.986 
109 
.. 
APPENDIX G 
DOSAGE AND DETENTION .TIME STUDIES 
RESULTS AND STATISTICAL ANALYSIS 
Percent Transfer Efficiencies (%E) at 
Experimental Dosages and Detention Times 
Detention Time (minutes) 
7.5 10 
110 
15 
Applied Ozone 
Dosage (mg/ L) Replicate Mean Replicate r~ean Replicate Mean 
95.0 95.6 94.4 
2 95.0 95.1 96.0 95.8 93.7 94.4 
95.2 95.9 95.2 
93.8 93.8 93.5 
4 93.2 93.3 94.0. 92.9 92.1 92.6 
92.9 94.0 92.1 
85.5 80.7 86.3 
6 83.0 83.6 83.7 82.2 84.8 85.2 
82.4 82.3 84.4 
ANOVA for Transfer Efficiency Data 
from Dosage and Detention Time Study 
Source df Sum of Squares r·1ean Square F 
Dosage 2 661.50 330.75 459.30
1 
Detention 0.062 Time 2 0.08 0.04 
Interaction 4 18.81 4.70 6. 53
3 
Error 18 12.91 0.72 
Total 26 693.30 
1. 459.3>6.01, therefore, highly signific(nt ~0.01 lrel) 
2. 0.06<3.55, therefore, not significant 0.( l~v~l l) 
3. 6.53>4.58, therefore, highly significant 0.0 eve 
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Results of Ozone Residual Analysis at 
Experimental Dosages and Detention Times 
Detention Time (minutes) 
7.5 10 15 
Applied Ozone 
11 Tota 12 Dosage (mg/L) Contactor Contactor 1 Total Contactor 1 Total 
0.00 0.00 0.00 0.00 0.00 0.00 
2 0.00 0.00 o.do 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 
Mean 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.35 0.00 0.00 0.00 0.00 
4 0.00 0.46 0.00 0.00 0.00 0.00 
0.00 0.27 0.00 0.00 0.00 0.00 
Mean 0.00 0.36 0.00 0.00 0.00 0.00 
0.30 1.27 0.08 1.00 0.00 0.73 
6 0.34 1.30 0.12 1.16 0.00 0.74 
0.38 1.11 0.09 1.18 0.00 0.74 
Mean 0.34 1.23 0.10 1.11 0.00 0.74 
1contactor 1 = Residual in contactor 1 effluent 
2rota 1 = Residual in total contact system effluent 
APPENDIX H 
PILOT PLANT CONTACTOR MII.ING EVALUATION 
RESULTS OF TRACER ;\ ;~ALYSES 
Cont a ctor s- ~ n-Ser ie s Flow Mode 
5.9~ ~i nute Ve~ ention Time 
Concentration Ra ti o, C/Co 
Time Ratio , t/T Repl i c a~e 1 Replicate 2 Repl icate 3 Mean Time Ratio, t/T 
-· ----
0. 03 0.00 0.0!1 0.00 0.00 . 0.2 
0 .17 0. 00 0.00 0. 00 0.00 0.3 
0.25 0.00 0. 00 0.00 0.00 0.4 
0.34 0. 00 0.00 0.00 0.00 0.5 
0.42 0.00 0.00 0.00 0.00 0.6 
0.50 0.14 0.10 0.09 0.11 0.7 
0. 59 0.33 0. 29 0.27 0.30 0.8 
0.67 0. 52 0.53 0.50 0.52 0.9 
0. 76 0. 81 0.91 1.00 0.91 1.0 
0. 84 1.14 1. 24 l .18 1.19 Ll 
0.92 1.24 1.29 1. 32 1. 28 1.2 
1. 01 1. 24 1. 29 1.27 1.27 1.3 
1. 09 1.19 1. 20 1. 23 1. 21 1.4 
1. 18 1.10 1. 05 1.14 1. 10 1.5 
1. 26 0.90 0.96 1.00 0. 95 1.6 
1. 35 0 .76 0. 81 O.S? 0. 80 1.7 
1. 41 0. b7 0.67 0.73 0. 69 1.8 
2. 51 0.62 0.57 0.50 0.56 1.9 
1.60 0. 43 0.48 0.45 0.45 2.0 
1.68 0.43 0.38 0 .36 0.39 2.4 
1.85 0.29 0.29 0.27 0.28 3.2 
2. 02 0. 29 0. 19 0.18 0.22 4.0 
2.19 0.19 0. 10 0.14 0.:4 
2.35 0. 10 0. 10 0.09 0.10 
2. 69 0.05 0.05 0.00 0.03 
3.03 O.OQ 0.00 0.00 o.co 
3.36 0.00 0.00 0.00 0.00 
4.00 0.00 0.00 0.00 0.00 
Contactors-in-Series Flow Mode 
10 Minute Dettntion Time 
Concentration Ratio, C/Co 
Replicate 1 Repli cate 2 Replicate 3 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.07 0 .07 0.00 
0.29 0.20 0.26 
0.55 0.53 o:6o 
0.88 0.80 o.n 
1.05 1.07 1.06 
1.09 1.13 1.06 
1.13 1.13 l.B 
0. 99 1.07 1.06 
0.91 0 .,93 0.86 
0.77 0.80 b. i' 9 
0.69 0.73 () .66 
0.62 0.67 0.60 
0.51 0.60 0.40 
0.40 0.53 0.40 
0. ~~6 0.47 0.40 
0.33 0.33 0.33 
0.25 0.27 0.26 
0.15 0.13 0.13 
0.04 0.00 0.07 
0.00 0.00 0.00 
~!ean 
0.00 
0.00 
0.05 
0.25 
0.56 
0.82 
1.06 
1 09 
1. ' 3 
1. 04 
0.90 
0.79 
0.59 
0.63 
0 . 50 
0.44 
0.41 
0.33 
0.26 
0.14 
0.04 
0.00 
~ 
~ 
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PILOT PLANT COHTACTOR MIXING EVALUATION 
R£SULTS CF TRACER ANALYSES 
Co ntac t ors-in-SL!ries F1ol'l ~ iode 
15 l ~ i nu te Detention Time 
Concen ~ ration Ratio, C/Co 
Tbe.Ratio, t/T Replicate 1 Rep·l irllte 2 Replicate 3 Mean Time Ratio, t/T 
--- ---
0.13 o.~D O.GO 0.00 O.OG 0.08 
0.27 0.00 0.00 0.04 0.01 0.17 
0.33 0.04 0.10 0.11 o.oe 0.25 
0.40 0.17 0.20 0.19 0.19 0.34 
0.47 0 "'" , LJ 0.26 0.31 0.27 0.42 
0.53 0.~0 0.48 0.38 0.42 0.50 
0.60 0.57 0.52 0.53 0.57 0.59 
0.67 0.5St 0.58 0.55 0.64 0.67 
0.73 0.76 0.80 0.74 0.77 0.7€ 
0.80 O. H3 0.82 0. 'lO O.R2 0.84 
0.87 o.a9 0.&5 0.86 0.88 0.92 
0.93 OJ \9 0.89 0.86 0.88 1.01 
1.00 0.8':l 0.87 0.84 0.87 1.09 
1.07 0.83 0.82 0.82 0.82 1.18 
1.13 0. 78 0.80 0.80 0.79 1.26 
1.20 0.74 0.76 0.78 0.76 1.35 
1.27 0.72 0.70 0.73 0.72 1.43 
1. 33 0.58 0.66 0.65 0.66 1.51 
!.40 0.61 0.62 0.59 O.El 1.68 
1.47 0.59 0. 60 0.59 0.59 1.85 
1. 60 0.51 0.44 0. 50 Q.48 2.02 
1.60 0.42 0.32 0.38 0.37 2.19 
2.00 0 .30 0.24 0.29 0.28 2.35 
'.32 0.19 0.18 0.17 0.18 2.69 
2.67 0.13 0.10 0.13 0 .12 3.03 
3.00 0.08 0.08 0.10 0.09 3.36 
3.33 0.06 0.04 0.06 0.05 4.00 
3.67 0.02 0.00 0.02 0.01 
4.00 0.00 0.00 0.00 0.00 
Single Contactor Flow Mode 
2.98 M~nute Cetention Time 
Concentration Ratia, C/Co 
Replicate 1 Replicate 2 Replicate 3 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.01 0.00 
0.06 0.09 0.04 
0.20 0.18 0.22 
0.48 0.45 0.34 
0.65 0. 70 0.57 
0.84 0.94 0.88 
0.88 1.12 1.06 
0.95 1.12 1.08 
0.96 1.04 1.05 
0.95 0.94 0.95 
0.85 0.85 0.88 
0.81 0.74 0.80 
0.65 0.51 0.77 
0.60 0.49 0.52 
0.51 0.42 0.45 
0.45 0.36 0.35 
0.39 0.30 0.31 
0.29 0.21 0.22 
0.22 0.18 0.17 
0.17 0.12 0.15 
0.11 0. !0 0.13 
0.08 0.04 0.08 
0.05 0.03 0.04 
0.03 0.00 0.03 . 
0.00 0.00 0.00 
Mean 
0.00 
0.00 
0.01 
0.06 
0.20 
0.42 
0.64 
0.89 
1.02 
1. 05 
1'. 02 
0 . 95 
0.86 
0.78 
0.64 
0.54 
0.46 
0.39 
0.33 
0.24 
0.19 
0.15 
0.11 
0.07 
0.04 
0.02 
0.00 
1-' 
1-' 
w 
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P!LOT PLANT CM:TAGTOR r.1IXING EVALUATION 
RESULTS OF TRACER ANALYSES 
Sing1e Contactor Flow Mode 
5 ~i nute Dctt:11t i~n Time 
--- ·· -
Conce1trat ion Ratio. C/Co 
Time Ratio, t/T Replicatf: 1 Replicate 2 Replicate 3 r~ea n Time Ratio, t/T 
·- -
O.i ~;. 00 0.00 ().00 G.OO 0.13 
0.2 .J.oo 0.01 0.00 0. 01 0.27 
0.3 0.28 0.21 0.28 0.25 0.40 
0.4 0.54 0.31 0.47 0 . 44 0. 53 
0.5 0.79 0.82 0.73 0.78 0. 67 
O.b 0.95 1.03 0.88 0.95 0.80 
l.J.7 0. 95 0. 95 0.90 0.93 0.93 
0.8 0.85 G.&7 0.88 0.87 1.07 
0.9 0. 76 O.QfJ 0.80 0.79 J. 20 
1.0 0.69 0.67 0.73 0.70 1.33 
1.1 Q.6U 0 . 5:1 Q.60 0.59 1.47 
1.2 0.50 0.5.7 Q.5cl r. , 54 1.50 
1.3 0.41 0.44 0.47 0.44 1.73 
1.4 O.:iG 0 . 44 0 .'il 0.41 1.87 
1.5 0. 35 ().41 0.37 0.38 2.00 
1.6 0.28 0.31 0. 30 0.10 2.27 
1.7 0.25 0.28 0.25 0.26 2.53 
1.8 0.22 0.26 0.?.6 0.25 2,8(J 
1.9 0.19 0.23 0.24 0.22 3.20 
2.0 0.13 c .13 0.22 0. i8 3.60 
2.2 0.13 [) .1.1 0 . lG C.l 5 4.00 
2.4 0.13 0.15 o.u 0.14 
2.6 0.09 0.10 0.13 0.11 
2.8 0.09 O.G8 0.0'4 0.09 
3.2 0.06 0.05 0.05 0.06 
.3 .6 0.03 0.00 0.00 0.01 
4.0 o.oo 0.00 0.00 0.00 
Single Contactor Flow ~ode 
7.5 Minute Detention Time 
Concentration Ratio, C/Co 
-
Replicate 1 ReplicHe 2 Replicate 3 
0.00 0.00 C.03 
0.29 0.51 0.39 
0.68 0. i2 0.68 
0. 85 0.78 0.94 
0.85 O.l6 0.91 
0.75 0.70 0.63 
0.64 i 0.62 0.57 
0.56 0. 51 0.50 
0.50 0.46 0.44 
0.43 0.'40 0.39 
0.39 0. 3f.; 0.33 
0.31 0.30 0.26 
0 .'29 0.27 0.25 
0.25 0.27 0.22 
0.23 0.19 0.21 
0.19 0.18 0.18 
0.14 0.14 0.12 
0.12 0.10 0.09 
0.08 0.06 0.08 
0.06 0.06 0.03 
0.02 0.03 0.01 
Mean 
0.01 
0.40 
0.69 
0 ,86 
0.84 
0.69 
0.61 
0.53 
0.47 
0.41 
0.30 
0.29 
0.27 
0.25 
0 . 71 
0.18 
0.13 
0.10 
0.07 
0.05 
0.02 
1----' 
1----' 
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APPrNDIX H, Co11t ;nued 
PILOT PLAtH CONTACTOP. tnXIrlG EV/\LUATIO~I 
TEST FOR HOPOGE!\E!TY OF R:GnESSION COEFFICIEiHS 
Contijc tors-in-~erles Flo~ Mode 
5.95 Minute ~etention Time 10 Minut! retention Time 15 Minute Detention Time 
df Reduced ss1 ;2 df Reduced SS F df Reduced SS F 
Repl cate 1 22 1.35438819 0.02-NS3 17 C.3RB19506 0.12-NS 23 0.60994489 0.05-NS 
Repl cate 2 22 l. 61108765 17 0.42841586 23 0.65120975 
Repl cate 3 22 1. 73216926 17 0.45765001 23 0.55413414 
Residuals from Individual 
Regressions, R 6() 4.70764510 51 1.27426093 69 1.81528878 
Tota 1 s for Single 
1.30'149655 Regres!:ion 76 4.72180251 61 79 1.82865254 
Differences for Homogeniety 
0.030~3562 
I 
0.01336376 of ?.egression, D 10 0.014!5741 10 10 
- -
Single Contactor Flew Mo~e , ______________
2.98 Minute Cetention Time 5 Minute Detention Time. 7.5 Minute Detention Time 
---
df Reduced SS F df Reduced SS F df Herluccd SS F 
Replicate 1 21 0.43046166 0.14-NS 22 0.30376157 0.11-NS 16 0.18635792 0 .15-N~ 
Replicate 2 21 0.75377703 22 0.41691776 16 0.18136032 
Replic:~te 3 21 0.74620796 22 0.25152781 16 0.28491838 
Residuals from Indivi~ual 
Regressions, R 63 1.930~4S65 66 0.97220714 48 0.65253662 
Totals for Single 
Regression 73 1. 97328·+92 76 0.98807737 58 0.67331324 
Differences for Homogeniety 
of Regression, D 10 O.C4283e27 10 0.01587023 10 0.02077662 
1R6duced Sum of Squares from step-wise, polynomial regression program output. 
2To test homogeniE:ty of regression, F = D/df0 ~<lith df0 and dfR degrees of freedom. 
R/dt;;: 
3Ns:.: not signifi<:ant at \1,05 1evel (curve~ not signif~cantlJ' different). 
1---i 
....... 
0'1 
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APPENDIX H, Continued 
Pilot Plant Contactor Mixing Evaluation 
Results of Dispersion Curve Analyses 
Model Parameter 
Axial Dispersion Tanks-in-Series ~1orri 11 Dispersion 
Number ( D/UL) -Number ( n) · Index ( t9o/t1o) 
Detention Rep. 
Time (min) # Replicate Mean ~ Replicate ~1ean Replicate Mean 
Contactors-in-Series Flow Mode 
1 0.056 9.4 2.8 
5.95 2 0.052 0.052 10.2 10.2 2.6 2.6 
3 0.049 10.9 2.5 
1 0.072 7.5 3.3 
10 2 0.063 0.069 8.5 7.8 2.9 3.2 
3 0.073 7.4 3.5 
1 0.100 5.5 4.1 
15 2 0.097 0.101 5.7 5.5 4.0 4.1 
3 0.107 5.3 4.2 
Single Contactor Flow ~1ode 
1 0.099 5.6 4.5 
2.98 2 0.090 0.099 6.1 5.9 4.4 4.2 
3 0.095 5.9 3.8 
1 0.180 3.4 6.9 
5 2 0.154 0.165 6.5 4.5 4.8 5.7 
3 0.161 3.7 5.4 
1 0.240 2.7 7.3 
7.5 2 0.280 0.260 2.5 2.6 8.3 7.7 
3 0.260 2.6 7.6 
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APPENDIX H, Continued 
Analytical Results of Correlation Between the 
Morrill Dispersion Index and the Axial Dispersion Number 
Flow Mode 
Contactors-
in-Series 
Single 
Contactor 
Regression Equation* 
y = 0.9447 + 32.4333(x) 
y = 2.1226 + 21.7431(x) · 
Cofficient of 2 De term i n a t i o n , r 
0.983 
0.928 
* y = Morrill Dispersion Index, t 90/t10 
x = Axial Dispersion Number, D/UL 
Correlation 
Coefficient, r 
0.991 
0.963 
